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ABSTRACT 
 
The acoustic properties of porous materials are usually measured at room temperature. 
However in industrial applications, porous materials are sometimes required to provide sound 
absorption in high temperature environments such as in Heat Recovery Steam Generators 
(HRSG) applications, automobile silencers and aero engine liners. As the airflow resistance 
can be related to the sound absorption of porous materials, this is an important parameter to 
measure at the operating temperature. HRSG applications tend to operate at temperatures of 
800 °C and above; however, the highest temperature in a previously reported study of airflow 
resistivity measurements on rock wool was 500 °C. Hence this research investigated the 
measurement of airflow resistance at room temperature according to ISO 9053-1 and in a 
bespoke test rig inside a kiln at temperatures from room temperature up to 800 °C. For the 
relevant high temperature applications, three different densities of Alkaline Earth Silicate 
(AES) fibrous materials were measured.  
 
The design for the high temperature test rig required use of Matlab Simulink to carry out high 
temperature simulations before it was built. In addition, Simulink and analytical calculations 
were used to assess the effect of measuring the differential pressure after significant cooling of 
the air adjacent to the test sample. This showed that the differential pressure measured with the 
high temperature test rig after cooling of the air is significantly lower than at room temperature. 
The implication of this finding was that thick test samples were needed to ensure measurable 
differential pressure. 
 
Measurements from the ISO 9053-1 and high temperature test rigs at room temperature 
confirmed that there was no significant difference between the two rigs. The high temperature 
tests indicated that there was no significant effect of temperature on specific airflow resistance 
for AES material between 20 and 100 °C but not at higher temperatures up to 800 °C. Above 
600 °C, the effect of crystallisation and the change in material thickness meant that specific 
airflow resistance (rather than airflow resistivity) was used in regression analysis to identify 
empirical relationships for the three different density materials at different temperatures. In 
addition, it was found that the specific airflow resistance of these materials up to 600 °C was, 
on average, proportional to absolute temperature to the 1.6th power.  
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Chapter 1.  INTRODUCTION 
 
1.1 Background and aim of the thesis 
 
Sound absorbing materials are used to reduce reverberant sound pressure levels and the 
reverberation time in acoustic spaces. The sound absorption depends on material composition, 
thickness, surface finish and method of mounting which results in frequency-dependent 
absorption. In the building industry, porous materials are primarily used for room temperature 
applications. However, in other industries it is common for porous materials to be needed in 
high temperature applications to provide sound absorption such as in aero-engine liners, 
passive damping in combustion chamber, automotive silencers, and gas turbine exhaust 
silencers in Heat Recovery Steam Generators (HRSG) applications. Alkaline Earth Silicate 
(AES)  porous material is used in order to reduce sound levels inside the silencers  and near to 
the exhaust areas of HRSG which operate at temperatures between 800-1300℃ [1].  At present 
there is very limited understanding of how sound absorption at room temperature relates to the 
performance at temperatures up to 1000 ℃. The highest temperature in a previously reported 
study of airflow resistivity measurements on rock wool was 500 ℃. Hence, this research 
investigated the measurement of airflow resistance at room temperature according to ISO 9053-
1 [2] and in a bespoke test rig inside a kiln at temperatures from room temperature up to 800℃. 
For the relevant high temperature applications, three different densities of Alkaline earth 
silicate fibrous materials were measured 
 
Figure 1. Cross section sketch of an HRSG indicating where the acoustic silencer can be 
incorporated. Image taken from reference [3]. 
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The absorption coefficient is defined to describe the sound absorption of planar absorbers and 
takes values between 0 and 1. The intensity in a plane wave is proportional to the mean square 
pressure; hence the absorption coefficient,, can be defined in terms of the reflection 
coefficient R as follows:  
 
𝛼 = 1 − |𝑅|2                                                                     (1) 
 
The reflection coefficient R can be expressed as follows.  
 
𝑅 =
𝑍𝑎,𝑠𝑐𝑜𝑠𝜃−1
𝑍𝑎,𝑠𝑐𝑜𝑠𝜃+1
                                                                        (2) 
 
where 𝑍𝑎,𝑠 denotes the specific acoustic impedance and 𝜃 is the incident angle of the sound.  
 
Examples of porous materials which are sound absorbers include fiberglass, ceramics and 
plastic foam with open cells. When a porous material is exposed to incident sound waves, the 
air particles at the surface of the material and within the pores of the material vibrate and in 
doing so lose energy through conversion into heat due to thermal and viscous losses at the walls 
of the interior pores. Normally the process is isothermal at low frequencies and adiabatic at 
higher frequencies (e.g. see [4]).  
 
The bulk acoustic properties of porous materials can be used to assess how sound propagates 
within it.  Sound propagation in porous materials is dependent on the airflow resistivity (or the 
related parameters of airflow resistance and specific airflow resistance) hence it can be used to 
predict both sound absorption and sound attenuation (e.g. see [5]). The airflow resistivity of 
fibrous materials is due to friction between the fibres and the air particles moving between the 
fibres. Therefore, the airflow resistivity depends on the fibre diameter, shape/type of fibres, 
density of fibres, number of fibres per unit volume and the fibres tend to lie in planes which 
are parallel to the place of the sheet and the orientation of the fibres within each plane being 
random, the airflow resistivity in the lateral direction is significantly lower than in the 
longitudinal direction [6]. 
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Airflow resistance can be used to determine the sound absorption by or sound propagation 
through porous material and the resistance to the airflow is quantified by airflow resistance, 
specific airflow resistance and airflow resistivity [2]. The airflow resistance, R, is defined as  
 
𝑅 =
∆𝑃
𝑞𝑣
                                                                 (3) 
 
 
where ∆𝑃 is the air pressure difference across a layer of porous material with respect to the 
atmosphere (Pa) and 𝑞𝑣 is the volumetric airflow rate passing through the material (m
3/s).  
 
The volumetric airflow rate, qv, can be defined as follows [2] 
 
𝑞𝑣 = 𝑢𝑆                                                                      (4) 
 
 
 
where u is the linear airflow velocity (m/s) and S is the cross-sectional area of the porous 
material (m2). 
 
According to ISO 9053-1 [2] which is the International measurement standard for airflow 
resistance for acoustical purposes, the recommended value of linear airflow velocity should be 
in the range from 0.5 × 10-3 to 15 × 10-3 m/s. In the American measurement standard, ASTM 
C522 [7], it is recommended that the linear velocities are in the range from 0.5 × 10-3 to 
50 × 10-3 m/s. In order to understand the reason for these ranges of airflow velocity at room 
temperature it is useful to relate the values to the Sound Pressure Level (SPL), and then to 
calculate the corresponding SPL for these values at 800 ℃. 
 
The sound pressure, p, and particle velocity, u, are related to the speed of sound,𝑐0, and the air 
density, 𝜌0, by 
 
𝑃
𝑢
= 𝜌0𝑐0                                                                                 (5) 
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where the speed of sound is a temperature dependent parameter that can be calculated using 
[6]  
 
𝑐0 = √
1
𝐾𝜌
 =√
𝑉
𝐾𝑛𝑀
 =√
𝛾𝑃𝑉
𝑛𝑀
 =√
𝛾𝑅(𝑇+273.15)
𝑀
                                             (6) 
 
 
where 𝜌 the gas density, 𝐾 is the compressibility. V is the volume which is occupied by n moles 
of a gas, M is the molar mass of the gas in kg/mol (which is 28.97× 10−3 kg/mol for air),  𝛾 is 
the ratio of specific heats at constant pressure and constant volume (which is 1.41 for air), P is 
static pressure which is 1.013 × 105 Pa for air at atmospheric pressure, R is the universal gas 
constant which has the value of 8.314 J/mol.K and T is temperature in ℃. Here, it is assumed 
that the conditions are adiabatic. For room temperature (20 ℃), the corresponding speed of 
sound is 344 m/s and for 800 ℃ the value is 659 m/s. 
 
The density of air is also a temperature dependent parameter which can be calculated from  
 
𝜌0=
353.2
273+𝑇
                                                                                  (7) 
 
The corresponding density of air for the room temperature (20 ℃) is 1.205 kg/m3 and for 
800 ℃ the value is 0.329 kg/m3.   
 
By assuming that the linear airflow velocity represents the particle velocity, the SPL in 
decibels,𝐿𝑝 can then be calculated from 
 
𝐿𝑃 = 20 log10(
𝑝
𝑝0⁄ )                                                          (8) 
 
where  p0 is 20 Pa. 
 
The SPL values for room temperature and 800 ℃ at different linear airflow velocities are given 
in Table 1. This indicates that the choice of 0.5 × 10-3 m/s is reasonable for most building 
acoustics design calculations in spaces where sound absorption is needed to reduce the SPL of 
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approximately 80 dB to levels that are suitable for occupation by people. It is also seen that the 
SPL at 800 ℃ is lower than at 20 ℃. 
 
Table 1. Linear airflow velocities and their corresponding SPL s at 20 ℃ and 800 ℃ 
Linear airflow velocity (m/s) Sound pressure level at 
20 ℃ (dB) 
Sound pressure level at 
800 ℃ (dB) 
0.5 × 10-3 80.32 74.68 
1× 10-3 86.34 80.70 
2× 10-3 92.36 86.72 
4× 10-3 93.38 92.74 
8× 10-3 104.40 98.76 
16× 10-3 110.42 104.78 
32× 10-3 116.44 110.78 
64× 10-3 122.46 116.82 
128× 10-3 128.49 122.84 
 
The specific airflow resistance, 𝑅s, (Pa.s/m) applies to a specific thickness or a porous material. 
The specific airflow resistance is an appropriate specification parameter for both homogenous 
and non-homogenous materials as well as materials with a porous surface coating or perforated 
surface layer and materials where the thickness is not known exactly. The specific airflow 
resistance is defined as  
 
𝑅s = 𝑅 𝑆                                                                          (9) 
 
 
The airflow resistivity, r, (Pa.s/m2) is only appropriate as a specification parameter for 
homogenous materials and is defined as  
 
𝑟 =
𝑠∆𝑃
𝑑𝑞𝑣
=
𝑅𝑆
𝑑
=
𝑅𝑠
𝑑
                                                                    (10) 
 
 
where d is the thickness of the layer of porous material in the direction of airflow (m). 
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The airflow resistivity in the fibrous material depends on the direction of airflow through the 
material [2]. Usually, these materials are manufactured in rectangular sheets as slabs or in a 
roll; hence the airflow resistivity can be measured in two directions; in the plane of the sheet 
(lateral airflow) and perpendicular to the plane of the sheet (longitudinal airflow). Depending 
on the orientation of these sheets when installed to provide sound absorption, it is either the 
lateral or longitudinal direction that is needed to calculate the absorption coefficient [6].  
 
Porous materials can be considered as a skeletal frame surrounded by gas [8]. Sound 
transmission through porous materials takes place due to airborne propagation through the 
pores and structure-borne propagation via the frame. Due to the varying degrees of coupling 
between these types of propagation, sound propagation through porous materials is more 
complex than in air. Two basic parameters that describe the properties of porous materials are 
the porosity and the airflow resistance. However, in order to describe them more completely, 
the structure factor, shape factor and tortuosity are often required [8].  
 
For porous materials, the porosity,∅, is calculated as follows 
 
∅ =
𝑉air
𝑉bulk
                                                                          (11) 
 
 
where 𝑉air is the volume of air within the material and 𝑉bulk is the bulk volume of the material.  
 
Porous materials which are used in buildings typically have a porosity in the range between 0.9 
and 0.99. If the material that binds solid fibres together has negligible mass, the porosity can 
be estimated as follows:  
 
∅ = 1 −
𝜌bulk
𝜌fibre
                                                                   (12) 
 
where 𝜌bulk is the bulk density of the material and 𝜌fibre is the fibre density [6].  
 
Usually, the airflow resistance of the porous materials increases with increasing bulk density 
(e.g. see [6]). However, it is not certain that the porous materials with low or high airflow 
resistivity will always give the highest absorption coefficients over a wide frequency range. 
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The airflow resistance of fibrous materials is due to friction between the fibres and the air 
particles moving between the fibres; hence this makes a link to sound absorption [9]. Therefore, 
the airflow resistance depends on the size of fibres, shape/type of fibres, density of fibres, and 
number of fibres per unit volume. It also depends on the orientation of the fibres because the 
airflow resistivity in the lateral direction on sheet material is significantly lower than in the 
longitudinal direction in the plane of sheet material (the more common orientation for sheet 
material used to provide sound absorption) [6].  
 
To estimate the sound absorption of a range of porous materials with different bulk densities it 
is possible to take a sufficiently large number of airflow resistivity measurements and 
determine an empirical relationship against a material property such as bulk density. For this 
purpose, this work describes the measurement of airflow resistivity (longitudinal direction) for 
Alkaline Earth Silicate (AES) fibrous materials at high temperatures. 
 
 
1.2 Aims 
 
To investigate the material properties that are relevant to sound absorption at high temperatures 
through the measurement of airflow resistance the main aims were: 
 Design and build a test rig to measure airflow resistance according to ISO 9053-1 [2]. 
 Design and build a “high temperature test rig” to measure airflow resistance at 
temperatures up to 1000 ℃ (for practical reasons and for cost implications this was later 
limited to 800 C in the project). 
 Validate the high temperature test rig through comparison of the airflow resistance 
measured at room temperature with the ISO 9053-1 [2] test rig. 
 Establish empirical relationships for the variation of airflow resistivity with temperature 
for AES materials using the high temperature test rig. 
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1.3 Outline of the thesis 
 
Chapter 2 contains a literature review of previous work on airflow resistivity measurements 
including empirical models.  
 
Chapter 3 describes the theory related to the airflow resistivity, characteristic impedance, the 
sound absorption and the air viscosity.  
 
Chapter 4 describes the design of the experimental apparatus to measure airflow resistivity at 
room temperature and high temperature.   
 
Chapter 5 presents and analyses the results of the room temperature and high temperature 
airflow resistivity measurements.  
 
Chapter 6 contains the conclusions. 
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Chapter 2.  LITERATURE REVIEW 
 
2.1 Measurement of airflow resistivity at room temperature 
 
Many of the applications for porous materials as sound absorbers is inside buildings; hence the 
material properties are usually measured at room temperature. For this reason, this section 
reviews the literature on room temperature measurement of airflow resistivity. 
 
2.1.1 Room temperature experimental apparatus assembly  
         
The literature indicates that room temperature airflow resistivity measurements are carried out 
using either constant or variable flow which was described by ISO 9053-1 [2] or ASTM C522 
[7].  
 
Dauchez et al [10] used the constant airflow method to measure airflow resistivity. To generate 
constant airflow they used a vacuum pump with a water column. Two types of porous materials 
were considered, one material with a known airflow resistivity  𝑅1, which was used as a 
reference material and the other material whose airflow resistivity 𝑅2 is to be measured. These 
two materials (cross-sectional area 𝐴 and thickness 𝑡) were placed in series and manometers 
were used to measure the differential pressures ∆𝑃1 and ∆𝑃2 across the two samples as shown 
in Figure 2.  Therefore, the airflow resistivity can be determined using 
 
𝑟 = 𝑅2
𝐴
𝑡
                                                                            (13) 
 
 
Since, the airflow is constant, the following relationship must be fulfilled, 
 
∆𝑃1
𝑅1
=
∆𝑃2
𝑅2
                                                                             (14) 
 
Therefore, by considering equations 13 and 14 the airflow resistivity can be determined as 
follows:  
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𝑟 = 𝑅1
∆𝑃2
∆𝑃1
𝐴
𝑡
                                                                        (15) 
 
 
 
 
Figure 2. Dauchez et al’s measuring apparatus. Image taken from reference [10]. 
  
Mendibil [11] used a variable airflow method to measure airflow resistivity which required 
oscillating air pressure from a moving piston. Due to the movement of the piston, the air 
pressure inside the measuring cell increases and decreases at the same frequency as the piston. 
A condenser microphone was used to measure the air pressure and the microphone was 
calibrated at 2 Hz using a pistonphone in order to fulfill the ISO 9053-1 [2] requirements of 
alternating airflow method.  The piston movement is sinusoidal and can be achieved using a 
lever or a mechanical system.  
 
Figure 3. Resistometer use for variable airflow method according to ISO 9053 [2]. 
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As shown in the Figure 3, 𝑢𝑟.𝑚.𝑠, can be defined as follows: 
 
    𝑢𝑟.𝑚.𝑠 =
𝜋
√2
𝑓ℎ
𝐴𝑃
𝑆2
                                                                    (16) 
 
 
where 𝑓 denotes the piston frequency, ℎ is the peak-to-peak range of stroke, 𝐴𝑃 is the piston 
surface area and 𝑆2 is the sample surface area.  
 
The airflow resistivity can be calculated as follows: 
 
 𝑟 = −
1
𝑢𝑟.𝑚.𝑠
∆𝑃
𝑙
                                                                       (17) 
 
 
Based on the measurement requirements for the variable airflow method (illustrated in Figure 
3), Mendibil developed the “Resistometer” as shown in Figure 4 [11]. 
 
Figure 4. Mendibil's test rig. Image taken from reference [11]. 
 
Stinson and Daigle [12] used an electronic system which involved a calibrated laminar flow 
element of known resistance that was placed in series with the sample materials. The difference 
in pressure across the laminar element and the sample were measured using electronic 
manometers of variable capacitance. An electronic flow controller was used to keep steady 
airflow. The airflow resistivity was estimated using the flow resistance and pressure difference 
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measurements. According to Pan and Jackson [13], the accuracy of the apparatus in terms of 
the airflow resistivity was more than 1.6%. 
 
In Bies and Hansen’s [14] experimental investigation, the apparatus which they used, met the 
requirements of American standard ASTM C522-73 [15]. The specimen holder shown in 
Figure 5 was designed so that it also served as the specimen cutter. To prevent the leakage of 
air around the edge of sample they used a coating of silicon grease on the cutter. When 
investigating soft materials they recommended using perforated plates with a large percentage 
open area. An O-ring seal was used to prevent air leakage around the holder. The funnel shape 
of the apparatus ensured the flow across the sample surface is uniform. The pressure on the 
upstream side of the sample is measured using a barocell and a digital manometer. The 
manometer was capable of measuring differential pressure with a resolution of 0.014 Pa. (The 
lowest value tested was 1.3 Pa). The airflow was measured using an airflow meter and a control 
valve to control the flow through the sample. The tested specimens had a diameter of 102 mm 
[14]. 
 
Figure 5. Bies and Hansen’s measuring apparatus. Image taken from reference [14]. 
1). Sample holder and cutter 2). Porous material sample 3). O-ring seal 4). Conical tube to 
ensure uniform airflow through the sample 5).  Tube 6). Valve 7).  Flow meter 8).  Manometer 
9).  Pressure regulator 10).  Air supply 11). Barocell 12).  Electronic manometer 
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Brown and Bolt [16] used the apparatus shown in Figure 6. By siphoning water from a tank, 
steady airflow was maintained. As the water flowed, the void was replaced with an equal 
volume of air. The slowest flow used was approximately 0.1 cm3/s and the fastest flow was 
approximately 200 cm3/s. The pressure difference across the sample was measured using a 
manometer and connected to the sample holder by a tube. A disc of acoustics material was 
mounted into a cylindrical container. To prevent air leaks between the sample and the 
container, the container consists of a slightly conical taper. Brown and Bolt [16] concluded that 
the airflow resistance varied by 25% for different samples of the same material and it could be 
measured with an accuracy of ± 2% for a given sample.  
 
Figure 6. Apparatus used in Brown et al. Image taken from reference [16]. 
 
Dragonetti et al [17] performed airflow resistivity experiments on porous materials at room 
temperature based on the alternating airflow method in ISO 9053-1 [2].They noted that the 
alternating airflow method required the measurement of sound pressure at a frequency as low 
as 2 Hz and this posed signal acquisition problems due to inadequacies of typical 
instrumentation. To overcome those drawbacks, a motor-driven piston was used in the research. 
Two cavities were associated in the apparatus that they used for the measurements. The side 
length of two cavities was 10.4 cm and the heights of two volumes were 9.2 and 21.3 cm for 
the lower and upper cavities respectively. For the apparatus, they selected the vertical 
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arrangement and the wire net was associated with the sample holder. The cross section of the 
cavities was chosen according to the requirements of ISO 9053-1 [2] which specified a 
parallelepiped–like sample holder a square cross section with a side dimension of 90 cm at 
least. The height of the lower cavity was chosen to be as small as possible for compatibility 
with the loudspeaker dimensions to ensure its behavior as an acoustic compliance to as high a 
frequency as possible. The apparatus is shown in Figure 7. 
 
 
Figure 7. Apparatus used by Dragonetti et al. Image taken from reference [17]. 
 
Based on ISO 9053-1 [2], Garai et al [18] conducted airflow resistivity measurements to 
determine the repeatability and reproducibility standard deviation values. They considered two 
melamine foam sheets of different thickness and carried out measurements in repeatability 
conditions either on a single sample or on different samples. They investigated the influence 
of the sample cutting and non-homogeneity of the foam on airflow resistivity and the results 
showed that the higher internal repeatability, particularly for single sample. However, the 
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overall reproducibility was not found to be satisfactory due to systematic deviations that were 
inherent in the laboratory procedures.   
 
Kino and Ueno [19] measured the surface impedance and physical parameters of seven glass 
wool samples and six polyester fiber samples with flow resistivity between 4100 and 69,900 
Pa.s/m2. A comparison was made between the measured normal incidence absorption 
coefficients and normal surface impedance for comparison with the Johnson-Allard model [20, 
21] that is considered to be an improvement on the Delany and Bazley [22] empirical model 
[22]. The Johnson-Allard model required airflow resistivity as an input variable for which 
measurements were carried out using a device based on ISO 9053-1 [2]. Comparison of 
measurements with the Johnson-Allard model indicated differences up to 20%. An improved 
model was developed which introduced a correction factor that was a function of airflow 
resistivity. 
 
Nichols et al [23] conducted an experiment to investigate the flow resistance characteristics of 
fibrous material. The apparatus which was used was very similar to the apparatus used by 
Brown and Bolt [16]. However, there were some modifications added to the apparatus in terms 
of the techniques of measuring the flow rate and sample holder. The main finding from the 
experimental data was an empirical relationship between airflow resistivity and fibrous 
material properties. 
 
Venzke et al [24] experimentally determined the airflow resistance of porous layers normal to 
their surface without cutting out samples and fitting them in to a sample holder.  With its partly 
radial airflow through the layer under test the method resembled a method for measuring the 
lateral flow resistance. It was noted [24] that the method can also be used to determine the 
airflow resistance of the single parts of a combined layer without separating the two 
components for the measurement provided that the one of larger resistance is thin compared 
with other.  
 
2.1.2 Empirical models for materials at room temperature 
 
The acoustic properties of fibrous materials relate to the airflow resistivity; hence the sound 
absorption at room temperature can be modelled with the aid of suitable appropriate empirical 
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formulae. Usually the airflow resistivity is measured under steady Poiseuille flow conditions 
for laminar flow speeds.  
 
According to Lambert and Tesar [25], non-negligible flow resistance versus frequency 
variation can arise in stratified fibrous materials like Kevlar. Therefore, Morse and Ingard [26] 
suggested using airflow resistivity parameters to define the fluid flow characteristics. In Morse 
and Ingard’s phenomenological approach [26], the equations, in terms of airflow resistivity, 
relate to motion, continuity and state for one-dimension as follows.  
 
𝜌𝑜
𝑘
∅
𝜕𝑢
𝜕𝑡
+ 𝑟𝑢 = −
𝜕𝑝
𝜕𝑥
                                                            (18) 
 
 
 
 
∅
𝜕𝑝
𝜕𝑡
+ 𝜌
𝜕𝑢
𝜕𝑥
= 0                                                                  (19) 
 
 
 
𝑐0
2(𝜌 − 𝜌0) = 𝛾(𝑃 − 𝑝0)                                                         (20) 
 
 
 
where 𝜌0 is the density of air, 𝑐0 is the speed of sound in air, k represents the structure factor 
and the structure factor to distinguish between mass density and inertial mass density and u is 
the average air particle velocity. 
 
In its more common form, this approach requires the flow resistivity to be a function of 
frequency to concern the transferring of fluid flow to turbulent from steady state type flow 
within the material. 
 
Zwicker and Kosten [27], Lambert et al [25] and Biot [28] used a cylindrical pore 
approximation to quantify the airflow resistance per unit thickness of the fibrous material. The 
empirical relationship can be presented as a function of the Reynolds number, Re, as follows.  
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𝑅𝑒 =
𝑑fibre
2
(
𝜔𝜌𝑜
𝜇
)                                                                 (21) 
 
 
where 𝑑fibre is the fibre diameter, μ is the air viscosity and 𝜔 is the angular frequency of 
excitation.  
 
According to Zwicker and Kosten [27], for the steady state flow regime (i.e. Re<<1), the 
specific airflow resistance has an empirical relationship with the porosity, ∅ ,as follows. 
 
 
𝑟 = 𝑅𝑒 ∅⁄ (8𝜇 𝑑𝑓𝑖𝑏𝑟𝑒
2⁄ )                                                              (22) 
 
 
For the Helmholtz flow regime (i.e. Re>>1) the airflow resistivity behaves as follows. 
 
𝑟 = 𝑅𝑒 (
∅𝑑𝑓𝑖𝑏𝑟𝑒
2
)√2𝜇𝜔𝜌𝑜⁄                                                            (23) 
 
 
Picard et al [29], and Ren and Jacobsen [30] investigated the airflow resistivity for transient 
flow regimes.  
 
Delany and Bazley [22] provided the first comprehensive empirical relationship for the airflow 
resistivity and sound absorption at the room temperature. This model estimates the impedance 
of the porous material assuming that the material has a rigid skeleton. Qunli [31] and 
Cummings [32, 33]  later verified this model using a large amount of experimental data for 
plastic foams. The model correlates the characteristic impedance and the propagation constant 
to the airflow resistivity of the material. Further improvements were made to Delany and 
Bazley original model to give the Johnson-Allard model [20]. 
 
Bies and Hansen [14] developed these empirical relationships for the magnitude and phase of 
the complex density and complex compressibility. They built up the relationship based on 
properties of porous fibrous materials in which the gas was air, however, these plots can be 
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applied to any gas. The empirical relationships were used to calculate four quantities; complex 
density modulus and phase, complex compressibility modulus and phase flow.  
 
Empirical models are highly advantageous as in many cases they only need a single input 
variable, airflow resistivity, which is measurable. However, their limitation is that they may 
only be applicable to one type of porous material.  
 
2.2 Measurements of airflow resistivity at high temperatures 
 
For measurements at high temperatures, Christie [34] determined the Delany and Bazley [22] 
coefficients for rock wool (Stillite SR5) at 19, 255 and 490 ℃ using measurements of airflow 
resistivity. Christie [34] designed the sample chamber to fit into a standard laboratory kiln that 
had a working area of 150 mm × 175 mm × 350 mm. Steady airflow was provided through a 
bottled air supply and the speed of the airflow can be varied up to 1 m/s.  Each sample has a 
diameter of 100 mm and the length of the sample chamber is also 100 mm. The sample is 
retained at each end of the chamber by 12 mm open wire mesh attached to retaining rings. To 
cut samples they used a cylindrical tubular cutter with a sharp bevelled edge. The cutter 
dimensions ensured that the samples had a tight fit in the sample chamber. A preheater filled 
with high density mineral wool was used to ensure that the air entering the sample is at the 
correct temperature and the flow is uniformly distributed. They reduced the level of airflow 
leakage to 1% and the temperature at each end of sample is measured by thermocouples. The 
volumetric flow of air is measured by a flow meter (Gapmeter) before it enters the specimen 
holder, and the actual volume flow of air through the sample is calculated by correcting the 
flow meter reading. Christie [34] measured the pressure difference across the sample using a 
tilting tube manometer. The configuration of the test rig used by Christie [34] is shown in 
Figure 8. 
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Figure 8. Flow resistance apparatus. Image taken from reference [34]. 
 
For measurements at high temperatures, the apparatus was heated to 490 ℃ and the air was 
passed through the sample until the temperature at each end of the sample was steady before 
readings were taken of pressure difference and volume flow. To heat the acoustic apparatus 
they used a kiln. Measurements were carried out on a sample cut from a standard 
600900500 mm semi rigid board of starch bonded mineral wool (nominal density of 
80 kg/m3). The flow velocity for measurements was in the range between 1 and 410-2 m/s. 
The measured flow resistance varied between 15,000 and 27,500 Pa.s/m2. It was found that the 
airflow resistivity for Stillite SR5 was proportional to the 0.6th power of the absolute 
temperature and that the airflow resistivity increased at a lower rate above 400℃. There was 
no change observed in the flow resistance due to the thermal cycling of the material and the 
flow resistance measured at a particular temperature did not seem to depend on flow velocity 
within the range of velocities that they used [34]. 
 
Christie [34] also carried out acoustic impedance measurements at high temperature based on 
closed cavity experimental apparatus that was previously described by Mawardi and Wigan 
[35]. This allowed comparison of the measured impedance with that predicted from the 
Delaney and Bazley empirical formula [22]. This indicated the potential to use the Delaney and 
Bazley empirical formula over a wide temperature range [22]. 
 
Miglietta et al [36] measured the variation of airflow resistivity due to temperature using the 
alternating flow method. They noted that the effect of temperature was expected to change the 
airflow resistivity due to variation of the air viscosity and thermal expansion of the material. 
The measurement equipment was installed in a standard laboratory climatic chamber. Steel and 
aluminum materials were used for the realization of the measurement apparatus to allow the 
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measurements to be performed in a range of temperatures between -20 and 50 ℃ without 
operational variations occurring due to thermal expansion. This temperature range was chosen 
as being of relevance to sound absorbent materials installed in automotive vehicles. The 
apparatus is illustrated in Figure 9. The experimental results indicated that the airflow 
resistivity data, as a function of temperature, increases within a power law to the 1.2th power, 
when airflow resistivity increases. However, this temperature range is significantly lower than 
that investigated in this research with AES materials. 
 
 
Figure 9. Apparatus used by Miglietta et al. Image taken from reference [36]. 
 
For this research it was decided to adopt the main features of Christie’s [34] test rig which was 
the preheating chamber. However, other features were design to specifically suit the measuring 
instrument, other supporting elements (such as air supply) and environmental constraints (such 
as the kiln type, kiln orientation and the external temperature).  
 
2.2.1 Empirical relationships for airflow resistivity at high temperatures 
 
After modifying the flow resistivity to account for the higher temperatures Christie [34] 
demonstrated considerable agreement between both Delany and Bazley model [22] and 
Christie’s model [34]. Christie [34] concluded that the power law relationship for the flow 
resistivity was successful. The characteristic impedance 𝑍𝑜,𝑝𝑚 is a complex number which can 
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be denoted in the form of A+iB. According to Delany and Bazley [22], 𝐴 and 𝐵  can be 
expressed in terms of airflow resistivity and frequency parameter. Therefore, Christie’s [34] 
modified empirical formulae can be expressed as follows: 
 
𝐴
𝜌0𝑐0
= 1 + 0.0566 (
1
𝑋
)
0.754
                                                       (24) 
 
 
                                   
 
𝐵
𝜌0𝑐0
= −0.0861 (
1
𝑋
)
0.732
                                                        (25) 
 
 
where the frequency parameter X is given by:  
 
𝑋 = 𝜌0𝑓/𝑟                                                                    (26)              
 
 
The formulae above are based on air density (𝜌𝑜) of 1.19 kg/m
3 and for temperature and 
pressure of 20 ℃ and 750 mm respectively. 
 
However, according to Wang et al [37, 38], the acoustic properties at room temperature are not 
always dependent on the air density. As mentioned in above section, Giese et al [39] carried 
out research on novel porous sound absorbent ceramic tiles as heat shields in combustion 
chambers with respect to their sound absorption. For this, a theory describing the bulk 
properties of a homogenous porous absorber layer was combined with a transfer matrix 
approach to account for the temperature gradient within the absorber.  
 
Usually, the acoustic losses are mainly caused by viscous friction of the gas and because of 
that, the airflow resistance of the material is the most important parameter with respect to sound 
absorption. According to Giese et al [39], there are two different approaches to measure the 
bulk properties. i.e. two load method or two source method and the Theory of Homogenous 
Medium (THM) method. The two load or two source method establish the parameters by 
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measuring acoustic transfer functions in front of and behind the sample and the theory of 
homogenous medium follows a phenomenological approach. According to the literature [39], 
the THM originated from the theory of lossy electrical conductors. In Giese et al [39] 
investigations, they selected the THM method as the most appropriate method since it allows 
the calculation of 𝑍𝑎 and 𝜏𝑎 using measurable microstructure properties of the observed 
material such as porosity ∅ , airflow resistivity 𝑟 or structural factor 𝑥.  The structural factor x 
is defined as the proportion of volume porosity to surface porosity and is often described as the 
ratio of total pore volume to the pore volume, which is directly involved in sound propagation 
while the rest of the pore volume acts as a spring. 
 
According to Giese et al [39], the values of ∅, 𝑟, 𝑘 are not independent. Normally, a high 
porosity obtains a lower airflow resistance and vice versa. However, the value k depends on 
the pore size distribution and the pores are connected. THM can be used for a wide field of 
absorbent material, such as traditional used fibres, metallic fibres, and porous ceramic 
structures. Based on THM, the connection between 𝑍𝑎 , 𝜏𝑎 , Ω can be expressed as follows.  
 
𝑍𝑎 =  
𝑍𝑜,pm
∅
. √
𝑘
𝛾
(1 −
𝑖
Ω
)                                                                        (27) 
 
 
 𝜏𝑎 = 𝑘pm. 𝑗√𝛾. 𝑘. (1 −
𝑖
Ω
)                                                                        (28)                 
 
 
Ω = 𝑘
2𝜋𝑓𝜌𝑜
∅𝑟
                                                                          (29) 
 
 
 
where 𝑍𝑎 is specific impedance (kg/m
2s), ∅ is volume porosity, 𝛾 is heat capacity ratio; i= 
√−1, Ω is a frequency variable and 𝜏𝑎 is the propagation constant (1/m). 
 
Giese et al [39] performed high temperature experiments on an absorption layer to investigate 
the relationship between porosity and airflow resistance at high temperatures. Through 
23 
 
numerous observations and regression analysis, they found the following relationship between 
𝑟 and ∅: 
 
𝑟~(1 − ∅)1.5                                                          (30) 
 
 
 
Giese et al [39] built the empirical model for porous ceramic foams which have a porosity 
between 0.8 and 0.9. Note that in this project the typical porosity of AES materials is 0.95.In 
this research the aim is to build up an empirical model based on experimental data for the 
airflow resistivity of AES material up to 800 ℃.   
 
2.3  Summary      
 
It is concluded that the use of direct airflow method for high temperature airflow resistivity 
measurement is preferable because the variable airflow method requires microphones that work 
at high temperatures as well as other expensive equipment that needs to be kept at a cool 
operating temperature. Hence, the direct airflow method was used for room temperature and 
high temperature airflow resistivity measurements of porous materials. The room temperature 
test rig was designed according to the ISO 9053-1 and ASTM C522 standards. For high 
temperature test rig, some features of Christie [34] test rig were incorporated such as the 
preheater to ensure that the temperature of the air in the specimen holder is at the correct high 
temperature.  
 
Although the empirical relationship of Christie [34] for airflow resistivity was valid over the 
temperature range of the acoustic measurements, Christie [34] only measured up to 490 C 
which can be considered a practical upper limit for the usability of rock fibrous material.  
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Chapter 3.  EMPIRICAL THEORY 
 
3.1 Empirical relationships between airflow resistivity and material properties 
 
As airflow resistance depend on various material properties, studies have been carried out to 
build up empirical relationship between airflow resistance and the physical properties. In Bies 
and Franken [40] and Nichols et al [41], empirical relationships were established between 
airflow resistance and bulk density for mineral wool, such as glass and rock wool. The 
empirical relationship can be expressed as follows [40, 41].   
 
𝑟 =
𝐾1𝜌bulk
1+𝑘2
𝑑fibre
2                                                                 (31) 
 
 
where 𝑘1 is a constant for a fibre material that is manufactured particular way, 𝑘2 is a constant 
that depends upon fibre orientation and 𝑑fibre is the fibre diameter and units used are microns.  
For one type of mineral wool with a known average fibre diameter, the constant 𝐾1and 𝐾2 can 
be found from measured airflow resistivity data for a range of bulk densities. Bies et al [14] 
plotted log 𝑟 against log 𝜌bulk and determined 𝐾1 and 𝐾2 through linear regression. Hopkins 
[6] carried out a large number of measurements on rock wool and found that 𝐾1=353 and 
𝐾2=0.63 for the lateral airflow resistivity for the bulk density range varying from 31 to 155 
kg/m3. For the longitudinal airflow resistivity the values for 𝐾1 and 𝐾2 are 780 and 0.59 
respectively for a bulk density range between 38 and 162 kg/m3. To cover the full density range 
for a material it may be necessary to have more than one empirical relationship. This can occur 
with fibrous materials that can be produced in a wide range of fibre diameter. However, for 
materials other than rock wool the above empirical relationships may not be appropriate [6].  
 
According to Bies and Hansen [14], an empirical relationship between flow resistivity, fibre 
diameter and fibre density for fiberglass batts and blankets is known to be of the form:  
 
𝑟𝑑fibre
2 𝜌fibre
−1.53 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                 (32) 
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This equation assumes uniform fibres (uniform fibre diameter less than 15 μm) and negligible 
binder content to give a constant of 3.8× 10−9. However, for polyester fibres, the fibre 
diameters are uniform for a given denier, the binder is in the form of binding polyester fibres 
rather than sprayed thermocuring resin. Therefore, Narang et al [42] investigated the effect of 
material parameters such as mass or area, fibre type, crimpness and binding fibre content. 
Narang [42] measured the airflow resistivity of polyester fibre materials in order to determine 
the suitability of an empirical prediction equation developed for fiberglass to polyester fibres. 
The equation relating the airflow resistivity to the number of fibres per volume was as follows:  
 
𝑟 = 4.44 × 10−6. 𝑁 − 19 ≈ 4.44 × 10−6. 𝑁                                   (33) 
 
 
where 𝑁 is the number of fibres per m3. 
 
By applying the Bies-Hansen equation [14] to polyester fibre samples, Garai and Pompoli [18] 
found that the airflow resistivity values were grossly underestimated. They concluded that this 
was a result of polyester sample having larger fibre diameters than the fibre glass samples Bies-
Hansen [14] originally modelled. Therefore, the constants of 1.53 and 3.18 × 10−9 which were 
fitted in the Bies–Hansen model [14] were not sufficiently accurate for the prediction of the 
actual value of airflow resistivity. Garai and Pompoli [18] proposed another two values for the 
equation instead of above mentioned constants. They modified the Bies and Hansen equation 
[14] as follows:  
 
𝑟 = 𝐴𝜌𝑓𝑖𝑏𝑟𝑒
𝐵
                                                                 (34) 
 
 
where A= 3.18 × 10−9𝑑𝑓𝑖𝑏𝑟𝑒
−2  and B=1.53. According to Garai and Pompoli [18], A and B are 
free parameters and can be calculated for varying sample compositions to obtain the best fit. 
They reported that values of A= 25.989 and B=1.404 provided the best fit for polyester fibres. 
Furthermore, Garai et al [18] presented their analysis of four different types of fibrous 
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materials, the binder fibre percentage did not seem to affect the precision of the equation and 
it was not affected by surface smoothing treatments.  
 
By considering, Bies and Hansen [14] and Garai and Pompoli [18]  equations, it can be 
concluded that the airflow resistivity of a sample is inversely dependent to the fibre diameter 
squared. However, the coefficients in these equations differ from each other [43, 44].  
 
Attenborough [45, 46] developed an empirical model which predicts the airflow resistivity of 
rigid fibrous absorbents such as sands and soils which was same as Kozeny-Carmen [43] based 
on the characteristic length 𝑙. The airflow resistance per unit length in a single pore, 𝑟𝑝, can be 
presented as follows  
 
𝑟𝑝 =
8𝜇𝑠
𝑙2
                                                                 (35) 
 
 
where 𝑠 denotes the steady flow or static shape factor which is equal to one if the pore is 
cylindrical and to 1.5 if the pore is parallel side slit. If the pore has a cylindrical shape, the 
characteristic length is equal to the radius and equal to semi width if the pore is parallel side 
slit [47]. 
 
In addition, the fluid velocity, averaged over a single pore’s cross section  , 〈𝑣〉, can be related 
to the velocity 𝑢, averaged over unit cross section of the porous medium can be denoted by as 
follows.  
 
〈𝑣〉 = 𝑞𝑢 ∅⁄                                                               (36) 
 
 
where ∅ is the volume porosity of connected pores and 𝑞 is the tortuosity factor.  
 
Based on the above formulae, the pressure gradient along a stream line in a single pore during 
laminar flow gives,  
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−
𝑑𝑝
𝑑𝑥
= 𝑞2𝑟𝑝
𝑢
∅
                                                               (37) 
 
 
In Attenborough’s approach [46], by assuming that all of the pores are identical, the flow 
resistance through a porous medium can be denoted as follows.  
 
𝑟 =
8𝜇𝑞2
𝑙2∅
                                                                     (38) 
 
 
The Voronina model [48] is another model which is based on the porosity of a material. This 
model uses the frequency, porosity of the material and the average pore diameter for defining 
the acoustical characteristics of the material. They extended the empirical model for porous 
materials with a rigid frame and high porosity and compared the model with Attenborough’s 
approach [47]. There can be seen a significant agreement between both model and the structural 
characteristic, Q, which represents the quantitative estimation of the energy losses in the porous 
medium is defined as follows [49]. 
 
𝑄 =
(1−∅)
√∅𝑑𝑓𝑖𝑏𝑟𝑒
√
200𝜇
2𝜋𝜌𝑜
                                                     (39) 
 
 
where the air viscosity μ=1. 85×10-5 Pa.s.  
 
 
3.2 Empirical relationships between airflow resistivity and characteristic impedance 
 
The characteristic impedance for air in a porous material, 𝑍0,𝑝𝑚, can be defined as the ratio 
between the acoustic pressure (P) and volume velocity (U) [6]. 
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𝑍0,𝑝𝑚 =
𝑃
𝑈
=𝜌eff𝑐pm                                                           (40) 
 
 
 
where 𝜌eff is the effective density and the sound velocity through the porous material , 𝑐pm, is 
given by 
 
   𝑐𝑝𝑚 = √
1
∅𝜌eff𝑘eff
                                                                        (41) 
 
 
Characteristic impedance is a measure of the ability of a sound wave propagates through a 
particular medium and can be calculated from the effective density and the effective gas 
compressibility 𝑘eff. The effective density and the effective gas compressibility can be 
calculated if the structure of the porous material can be represented using idealized geometry 
[6, 50].  
 
As note in previous sections, Delany and Bazley [22] provided the first comprehensive 
empirical relationship relating airflow resistivity to the characteristic impedance at room 
temperature. Delany and Bazley [22] investigated the acoustical properties of a range of fibrous 
absorbent materials. The propagation of sound in an isotropic homogenous material is 
determined by the characteristic impedance and the propagation coefficient. The characteristic 
impedance and the propagation coefficient can be easily evaluated by using the specific flow 
resistance per unit thickness and the specific flow resistance is mainly depended on the bulk 
density and the fibre diameter [51]. Measured values of characteristic impedance and 
propagation coefficient were used with measured airflow resistance to give simple power law 
functions. Delaney and Bazley provided empirical expressions derived from many 
measurements as follows [22]. 
 
𝑍0,𝑝𝑚 = 𝜌0𝑐0[1 + 0.0571𝑋
−0.754 − 𝑖0.087𝑋−0.732]                      (42) 
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𝑘𝑝𝑚 =
2𝜋𝑓
𝑐0
[(1 + 0.0978𝑋−0.700) − 𝑖0.189𝑋−0.595]                       (43) 
 
             
where, 𝑘pm is for complex wave number and 𝑐0is representing the sound velocity of the air, 
and X is the frequency parameter.  
 
Delaney and Bazley [22] proposed the following bounds for the validity of their empirical 
expressions in terms of the frequency parameter as follows: 
 
0.01 < 𝑋 < 1.0                                                                   (44) 
 
 
However, based on measurements, Bies [40] suggested the following limits for small and large 
values of the frequency parameter X; 
 
lim
𝑥→0
(|𝜌1| 𝜌0⁄ ) = 𝑟 𝜌02𝜋𝑓⁄                                                 (45) 
 
 
lim
𝑥→0
∅ = −
𝜋
2
                                                                           (46)      
 
 
lim
𝑥→0
(|𝐾| 𝛾𝑃⁄ ) =
1
𝛾
                                                     (47)  
 
 
lim
𝑥→0
∅ = −
𝜋
2
                                                              (48) 
 
 
 
lim
𝑥→0
(|𝐾| 𝛾𝑃⁄ ) =
1
𝛾
                                                     (49) 
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lim
𝑥→0
𝜃 =0.0                                                                             (50) 
 
 
  lim
𝑥→∞
(|𝜌1| 𝜌0⁄ ) = 1.0                                                             (51) 
 
 
lim
𝑥→∞
∅ = 0.0                                                                           (52)     
 
 
lim
𝑥→∞
(|𝐾| 𝛾𝑃⁄ ) = 1.0                                                     (53) 
 
 
lim
𝑥→∞
𝜃 = 0.0                                                                    (54)   
 
As noted in the following literature [52, 53, 54], the empirical expressions of Delaney and 
Bazley [22] approach the correct limits and therefore, the upper bound which they proposed 
may be relaxed. Delany and Bazley’s [22] equations can be used to determine 𝜌1 and K for 
medium and large values of the frequency parameter. However, their empirical expressions do 
not approach the correct lower limits and an alternative means is for necessary to calculate 𝜌1 
and K small values of the frequency parameter. 
 
In addition to Delany and Bazley’s [22] empirical relationships between the airflow resistivity 
and the characteristic impedance, Allard et al [21] provided alternative expressions. Allard’s 
equations [21] provide similar predictions as Delany and Bazley [22] in the range of validity. 
However, their equations are valid at low frequencies where the equations of Delany and 
Bazley provide non-physical predictions. These equations were built on the general frequency 
dependence of the viscous forces in porous materials proposed by Johnson et al [55]. In Allard 
et al’s [21] approach they considered two functions which had different frequency parameter 
values, 𝐹1(𝑋) and 𝐹2(𝑋) respectively. 
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𝐹1(𝑋) = (1 + 𝑖𝜋(𝑋))
1
2                                                     (55) 
 
𝐹2(𝑋) = (𝐹1((𝑋)4𝑁𝑝𝑟)                                                       (56) 
 
 
where 𝑁𝑝𝑟 is the Prandtl number. 
 
The relationship between the characteristic impedance and the frequency parameter (which can 
be considered as the function of airflow resistivity) is given by [21]  
 
𝑍0,𝑝𝑚 = ((1.2 + (−0.0364𝑋
−2 − 𝑖0.1144𝑋−1) 
1
2) (101320
𝑖29.64+(2.82𝑋−2+𝑖24.9𝑋−1)1/2
𝑖21.17+(2.82𝑋−2+𝑖24.9𝑋−1)1/2
))
1/2
          (57) 
 
 
The equation is valid for atmospheric pressure of 101,320 Pa, air density of 1.21 kg/m3, a 
Prandtl number of 0.702 and a specific heat capacity ratio of 1.4. 
 
As an improvement on the Delany and Bazley model [22], Yasushi et al [56] published an 
empirical model giving a relationship between the characteristic impedance and the airflow 
resistivity. They applied modifications to the Delany and Bazley [22] model in order to improve 
the model across a broader frequency range, where  
 
𝑍𝑜,𝑝𝑚 = 1 + 0.070 (
𝑋
𝜌0
)
−0.632
+ 𝑖0.107 (
𝑋
𝜌0
)
−0.632
                                (58) 
 
 
 
From Voronina’s approach [48], the characteristic impedance was calculated based on the 
structural characteristic parameter by means of the following simplified equations.  
 
When Q<1 
 
𝑍𝑜,𝑝𝑚 = (1 + 𝑄) − 𝑖
𝑄
2
                                                            (59) 
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When Q>1 
 
𝑍𝑜,𝑝𝑚 = (1 + 𝑄) − 𝑖
𝑄
2+𝑄 (1+√𝑄)2⁄
                                                       (60) 
 
 
 
Although these empirical models are highly advantageous since they only need a single input, 
flow resistivity which is easily measurable, they are only suitable for one type of material and 
a certain frequency ranges [57].  
 
The model from Mechel and Vèr [58] differentiates two families of absorbing materials and 
two areas for the normalised frequency parameter of X. According to Beranek and Vèr [58], 
the Mechel and Vèr model [58] can be considered as a more refined adjustment than the 
Delany–Bazley model [22]. The defined an empirical relationship for the characteristic 
impedance in Mechel and Vèr model [58] as follows: 
 
𝑍𝑜,𝑝𝑚 = 𝜌𝑜𝑐𝑜(1 + 𝑏
′𝑋−𝛽
′
− 𝑖𝑏′′𝑋−𝛽
′′
)                                             (61) 
 
 
 
The values of the coefficients and exponents are summarised in Table 2. 
 
       Table 2. Characteristic impedance calculation: Coefficients and exponents of the Mechel-
Vèr model [58]. 
Material Region 𝑏′ 𝛽′ 𝑏′′ 𝛽′′ 
Rock wool and basalt 𝑋 ≤ 0.025 0.0810 0.699 0.1910 0.556 
𝑋 > 0.025 0.0563 0.725 0.1270 0.655 
Fibre glass  𝑋 ≤ 0.025 0.0668 0.707 0.1960 0.549 
𝑋 > 0.025 0.0235 0.887 0.0875 0.770 
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3.3 Empirical relationships for airflow resistivity, air viscosity and temperature 
 
The viscosity, of a gas was first defined by Maxwell [59, 60] showing that it was independent 
of static pressure, except at very low (< 0.02 atm) and very high pressures (> 1 atm) [59, 61]. 
Maxwell’s kinetic theory of gases also showed that viscosity was proportional to the square 
root of the absolute temperature [62].  
 
Maxwell’s [59, 60] kinetic theory is given by Maitland et al [63] as  
 
                                                     𝜂(𝑇) =
5√𝜋𝑀 𝑁𝐴𝑘𝐵𝑇⁄
16𝜋𝛿2
                                                                        (62) 
 
 
where 𝑁𝐴 is the Avogadro constant, 𝑘𝐵 is the Boltzmann constant, 𝛿 is the Lennard-Jones 
diameter, and 𝑀 is the molecular mass.  
 
However, Sutherland [64] noted that experimental work with natural gases showed that 
viscosity changed more rapidly with temperature and was proportional to Tn where n ranged 
from 0.7 for hydrogen to 1.0 for less perfect gases. 
 
Following from Equation 63, Giese et al [39] developed theory to predict the absorption 
coefficient at different temperatures and noted that the airflow resistance, 𝑟(𝑇) at a 
temperature, T, is a function of air viscosity as follows: 
 
𝑟(𝑇) =
𝑟0
𝜂0
𝜂(𝑇) =
𝑟0
√𝑇0
√𝑇                                                       (63)     
 
where r0 and 0 are the airflow resistance and air viscosity respectively at a specified 
temperature, T0. 
 
Based on the Poiseuille law, Miglietta et al [65] noted from Biot [66] that for air flowing 
through a capillary in the low-frequency range, the airflow resistance is directly proportional 
to air viscosity such that 
 
   𝑟(𝑇) ∝
8𝜂(𝑇)
𝑎𝑒𝑞
2 (𝑇)
                                                                             (64)                                                                                                                         
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where 𝑎𝑒𝑞(𝑇)  is the radius (m) of the capillary at a temperature, T.   
 
Hence when relationships are sought between the airflow resistance and temperature it is 
reasonable to assume that airflow resistance will be proportional to Tn because airflow 
resistance is directly proportional to air viscosity. Miglietta et al [65] carried out measurements 
between 0 and 30C on a range of materials (including generic materials such as polyethylene, 
rubber, glass wool, rock wool, cotton waste, polyester) and showed that the airflow resistivity 
varied with T 1.2. 
 
Christie [34] stated that the air viscosity varied with T 0.7; however, no reference was given to 
indicate the source of the exponent of 0.7. In this work Sutherland’s equation [64] has been 
used to analyse the relationship between the air viscosity and the absolute temperature. 
Sutherland’s equation is given by [64]:  
 
𝜂
𝜂0
= (
𝑇
𝑇0
)
3 2⁄ 𝑇0+𝑇𝑠
𝑇+𝑇𝑠
                                                                    (65) 
 
 
where 𝜂0 correspond to temperature 𝑇0. If these formulas hold for any given choice of  𝑇0, they 
also hold for any other choice of  𝑇0. The constant 𝑇𝑠= 110 K for 𝑇0=300 K and 𝜂0= 1.846 ×
10−5 kg/ (ms). Sutherland’s equation is valid for a wider range of temperatures between 100 K 
and 1900 K. [67]. Using Equation 65, the viscosity η is plotted against a range of absolute 
temperatures from room temperature to 873 K as shown in Figure 10. Power law regression 
was then used to identify the exponent for the absolute temperature. This indicates that the air 
viscosity varies with the absolute temperature where the exponent is 0.68. As this is 
approximately equal to 0.7 which was quoted by Christie [34] it is assumed that Sutherland’s 
equation was the source of this value. 
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Figure 10. The relationship between air viscosity and absolute temperature according to 
Sutherland’s equation. 
 
Experimental data for constituent gases that make air can be found in tabulated form in the 
monograph by Present [62] for nitrogen, oxygen and carbon dioxide. These data are plotted in 
Figures 11 to 13 and power law regression is carried out to determine the exponent values. The 
exponent ranges from 0.72 to 0.79 which is similar to the value of 0.7 derived from 
Sutherland’s equation [64]. 
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Figure 11. Experimental data for viscosity of nitrogen at different absolute temperatures. 
 
Figure 12. Experimental data for viscosity of oxygen at different absolute temperatures. 
37 
 
 
Figure 13. Experimental data for viscosity of carbon dioxide at different absolute temperatures. 
 
3.4 Summary 
 
According to empirical theories of airflow resistivity and material properties, the airflow 
resistivity of a porous material sample increases with increasing bulk density and is inversely 
dependent to the fibre diameter squared.  
 
The airflow resistivity can be used to calculate the characteristic impedance and the 
propagation constant. According to Delaney and Bazley’s empirical relationship [9], their 
frequency parameter which is dependent on airflow resistivity can be used to calculate the both 
characteristic impedance and the propagation constant. Furthermore, since theory indicates that 
the airflow resistivity is proportional to the air viscosity and the absolute temperature, it is 
useful to develop a specific power law relationship between absolute temperature and airflow 
resistivity (or specific airflow resistance) for AES materials.   
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Chapter 4.  DESIGN OF EXPERIMENTAL APPARATUS 
 
 
The experimental apparatus assembly for both room and high temperature consists of a specific 
test rig, differential pressure, flow meter and a pressure regulator. The relevant information 
regarding to each component is described in this chapter.  
 
4.1 Test samples 
 
The funder supplied ten different AES materials with three different densities as indicated in 
Table 3.  
 
Table 3. List of AES materials used for the measurements. 
Density 
(kg/m3) 
64  96 128 
Material 
name and ID 
No. 
Superwool® HT-0034 
(Material ID No.0034) 
Superwool®Plus-0059 
(Material ID No.0059) 
Superwool®Plus-0058 
(Material ID No.0058) 
Superwool®AC2-0048 
(Material ID No.0048) 
Superwool®Plus-0062 
(Material ID No.0062) 
Superwool®Plus-0061 
(Material ID No.0061) 
Superwool®Plus-0055 
(Material ID No.0055) 
Superwool®Plus-0064 
(Material ID No.0064) 
Superwool®Plus-0063 
(Material ID No.0063) 
Superwool®Plus-0057 
(Material ID No.0057) 
  
Superwool®Plus-0060 
(Material ID No.0060) 
  
 
Cylindrical samples were cut using a 101.8 mm diameter metal cutter. Each sample was 
weighed using scales (Ohaus Explorer 627) to an accuracy of 0.001 g. 
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4.2 Measuring equipment for airflow 
 
A Furness Control FCS 523 measuring instrument is used to measure the differential pressure 
and the airflow rate – see Figure 14. 
 
 
Figure 14. Flow rate and differential pressure measuring instrument. 
 
This consists of two main parts including a laminar flow element and a differential pressure 
meter. The laminar flow element has the ability to measure volumetric gas flow rates from 0 to 
2 l/min. The element measures volumetric gas flow rate and is based on the physics of the 
Poiseuille equation [68]. 
 
∆𝑃 =
8𝜇𝐿𝑄
𝜋𝑟4
                                                                  (66) 
 
 
 
where ∆𝑃 is the pressure loss (Pascal), 𝜇 is the dynamic viscosity (Pa.s), L is the length of 
laminar flow element (m), Q is the volumetric flow rate (m3/s) and r is the radius of the laminar 
flow element (m).  
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Since the equation is valid only for incompressible fluids which are Newtonian, the laminar 
flow element only can be used to measure the flow rate of Newtonian and incompressible flows. 
The flow is laminar through the pipe of constant circular cross section which is substantially 
longer than its diameter; and there is no acceleration of fluid in the pipe. Furthermore, the flow 
element forces the gas flow to be parallel to the pipe. This eliminates flow turbulence and 
produces a very small differential pressure (P) which is proportional to volumetric flow rate 
[69]. The linear relationship between differential pressure and the flow of laminar flow element 
gives a very large turndown ratio. According to the manufacturer, the device generates a very 
low differential pressure, while offering little restriction to flow, typically a pressure drop of 
100 Pa at full flow rate of 2 l/min. The differential pressure device can measure to two decimal 
places with an accuracy of <0.25%. Only the display was calibrated. The reference flow was 
measured using a standard laminar flow element and digital micro manometer. For the 
apparatus, the calibration medium was dry air with a relative humidity less than 80% [70].  
 
4.3 Air supply 
 
Since the measuring instrument for airflow can only withstand pressure 300 Pa, it is necessary 
to reduce the supply air pressure which is at 12 Bar. In addition, it is an essential requirement 
to dehumidify the supply air before enter to the measuring instrument. By considering all these 
factors, a pressure regulator with an air filter was used with the main air supply for both room 
temperature and high temperature experiments. The pressure regulator has the ability to 
regulate the pressure between 0.5 and 16 bar and it has 5μ m3 of filtration [71]. The pressure 
regulator is shown in Figure 15. 
 
ISO 9053-1 [2] and ASTM C522 [7] require a minimum flow velocity of 0.5×10-3 m/s, and 
with the control on this valve it is possible to control the flow to ±0.01×10-3 m/s. As the cross-
section of the sample holders are all 100 mm diameter, this gives the range of volumetric flow 
rates as between 0.231 and 0.240 l/min. In order to assess the effect of other airflow velocities 
on the airflow resistance at room temperature and at 800 C, airflow velocities of 1×10-3, 2×10-
3 and 4×10-3 m/s were also tested; these correspond to sound pressure levels indicated in Table 
1. 
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Figure 15. Pressure regulator with the filter. 
 
4.4   Room temperature test rig 
 
The room temperature test rig was designed to satisfy the requirements of ISO 9053-1 [2], and 
ASTM C522 [7]. Using the direct airflow method with controlled unidirectional airflow 
through the test specimen. The test rig consists of three parts; specimen holder, plunger 
assembly and a metal sleeve. A three-dimensional model was created using AutoCAD software 
and the drawings are in Appendix A. The fabricated room temperature test rig is shown in 
Figure 16. 
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Figure 16. ISO test rig for room temperature experiments. 
 
A transparent material (Perspex) was used to manufacture the specimen holder to allow the 
position of the test sample to be visually checked.  This holder is a cylinder with an internal 
diameter of 100 mm. The height of the specimen holder is 200 mm. A perforated metal mesh 
is used to support the sample at the bottom of the specimen holder. The mesh has an open area 
of 50% which satisfies the requirements in ISO 9053-1 [2] and ASTM C522 [7] standards. The 
mesh is formed from a metal plate that is perforated with holes of 3 mm diameter. 
 
At the top of the specimen holder is a metal plunger assembly which consists of a lid and a 
perforated metal screen.  
 
At the bottom of the specimen holder there is a metal sleeve with (a) an air inlet tube (12 mm 
diameter) and (b) a tube to measure differential pressure (5 mm diameter). The differential 
pressure is measured between the volume of air underneath the sample and atmospheric 
pressure. 
 
At room temperature the airflow resistivity was measured using the room temperature test rig, 
the differential and flow measuring apparatus and the precision air regulator – see Figure 17  
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Figure 17. ISO test rig for room temperature measurements and associated measurement 
equipment. 
 
4.5   High temperature test rig 
 
In order to carry out the high temperature measurements of airflow resistance, it was necessary 
to design a new test rig that would satisfy the requirements of the ISO 9053-1 [2] and ASTM 
C522 [7] standards but withstand high temperatures. The following steps describe the design 
of the high temperature test rig. 
 
4.5.1 Initial design considerations 
 
The test rig for high temperature airflow resistance measurements was designed to give 
nominally identical results at room temperature to the ISO test rig described in ISO 9053-1 [2] 
and ASTM [7] standards. However, as it needed to operate at temperatures up to 1000 C (later 
the operating temperature was reduced to 800C), the test rig design from Christie [34] was 
used as a starting point because it was used up to 500 C.  
 
Christie [34] introduced a preheater into the design that was packed with high density mineral 
wool. It was stated that this was necessary to ensure that (1) the air entered the sample at the 
same temperature as the internal kiln temperature and that (2) the flow of air was uniform 
across the surface of the sample. The first reason is logical because the cool air from the 
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compressor reservoir needs to be heated up for a valid measurement. The second reason seems 
to have been given because the air inlet comes from a tube that has a diameter which is a 
fraction of the test sample diameter. However, this may not be a critical reason due to the low 
flow velocity and the fact that a small air inlet is also used in the ISO 9053-1 test rig where no 
issues have been reported with non-uniform flow through the sample. It is possible that the 
perforated metal screen helps to avoid such a problem, and this is also incorporated in the high 
temperature test rig. It is assumed that Christie’s [34] preheater achieved the required air 
temperature because they used thermocouples to check the air temperature. Christie’s [34] 
preheater used mineral wool as the preheater packing but its material properties change 
significantly above 500 C [34] so a similar AES material to the test samples was considered 
instead. 
 
In contrast to the room temperature test rig where the differential pressure was referenced to 
atmospheric pressure outside the test rig, the high temperature test rig measures differential 
pressure across the sample because the outlet from the test rig does not enter the kiln. Therefore, 
it was necessary to measure the differential pressure across the sample. 
 
A three-dimensional model of the high temperature test rig was created in AutoCAD as shown 
in Figure 18  with additional drawings given in Appendix B.  
 
As shown in Figure 18, the rig consists of a cylindrical specimen holder and cylindrical 
preheating chamber. There is one air inlet, one air outlet, two outlets for the differential pressure 
measurement and one tapping point for the temperature probe. The specimen holder has two 
perforated meshes to hold the sample in place and a preheating chamber consisted of air inlet 
and the differential pressure meter probe inlet. One mesh is a moveable mesh and the other is 
fixed in the preheater.  The internal diameter of the cylinders is 97 mm (NB It was not possible 
to purchase 100 mm internal diameter tubes for compatibility with the room temperature test 
rig) and the specimen holder has a height of 150 mm which allowed vertical orientation of the 
test rig within the kiln.  
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Figure 18. 3D model of high temperature test rig. 
 
4.5.2 Kiln 
 
The kiln used for the high temperature experiments is a front loading, medium-sized kiln (see 
Figure 19) that was rated for a maximum temperature of 1100 ℃. The kiln case was powder 
coated steel with internal insulation provided by 2” thick mineral wool and firebricks. 
 
The kiln door is a heavy-duty door with the hinge on the left side. The door can open all the 
way so that the door opening is completely unobstructed. There is a tadpole gasket around the 
door for tightness of seal.  
 
To provide uniform distribution of heat inside the kiln, the heavy-duty heating elements are 
positioned on three sides of the kiln. The kiln has a control panel to set the required temperature 
and temperature ramp rate.  
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Figure 19. The Kiln 
 
Figure 20. Kiln dimensions. 
 
 
 
 
 
47 
 
4.5.3 Assessing a suitable length for the preheating chamber 
 
As the high temperature test rig in this project needed to work up to 1000 ℃ it was necessary 
to check whether the length of the preheating chamber might need to be significantly longer 
than that used by Christie [34] to ensure that the air reached the same temperature as the air in 
the kiln. The process is modelled using Matlab Simulink software to identify a suitable length 
for the preheating chamber to achieve the required temperature output. It was assumed that 
heat transfer occurs from the kiln to the preheating chamber due to convection and conduction 
(ignoring the radiation from the surfaces of the kiln). As it is not possible to simulate fibrous 
ceramic material as the preheater packing in the simulation, an empty tube is used under the 
same effective temperature and environmental conditions.  
 
The inside diameter of the preheating chamber is identical to the room temperature test rig 
(100 mm), and the cylinder is 10 mm thick austenitic stainless steel. Based on these values and 
the input data below, different lengths for the preheating chamber were modelled until the air 
in the chamber reached 1373 K (1100 ℃) which was slightly beyond the temperature 
requirement of 1000 ℃. 
 
According to the simulation results, the air in the preheating chamber reaches 1170 K after it 
has travelled a distance of 250 mm without preheater material. Hence, 250 mm was proposed 
as the length of preheating chamber.  
 
The simulation data are as follows 
 
  Input data  
Room temperature  : 291.15 K (18℃) 
Kiln temperature : 1400.15 K (1127.15℃) 
 
Air at room temperature 
  
Specific gas constant (R)                                             : 0.287 kJ/kg/K 
Density of air (𝜌)                                                      : 1.198 kg/m3  
Compressibility factor (Z)                                            : 0.9999 
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Specific enthalpy at reference 
temperature (hE)             
: 291.544 kJ/kg 
Specific heat at constant pressure 
(𝐶𝑃)                    
: 1.005 kJ/kg/K 
   
Thermal conductivity of 
austenitic stainless steel (k)                                    
: 15 MW/mK  
 
 
Preheating chamber 
  
Length of preheating chamber (l)                                               : 0.25 m 
Thickness (t)                                : 0.01 m 
Outside diameter (doutside) : 0.11 m 
 
The simulation was built up based on the following equation (67) to include conduction and 
convection heat transfer from the kiln to the preheating chamber [72]. 
 
?̇?𝐶𝑝(𝑇𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 − 𝑇 𝑟𝑜𝑜𝑚) = ℎ𝐴(𝑇𝑜𝑣𝑒𝑛 − 𝑇𝑤𝑎𝑙𝑙) +
𝐾𝐴
𝑡
(𝑇𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 − 𝑇𝑤𝑎𝑙𝑙)           (67) 
 
 
where; 
?̇? Mass flow rate (kg/s) 
𝑇𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 Temperature at preheating chamber outlet (K) 
𝑇𝑟𝑜𝑜𝑚 Room temperature (K) 
ℎ Convection heat transfer coefficient (W/m2K) 
𝐴 Surface area (𝜋 × 𝑑𝑜𝑢𝑡𝑠𝑖𝑑𝑒 × 𝑙) (m
2) 
𝑇𝑘𝑖𝑙𝑛 Kiln temperature (K) 
𝑇𝑤𝑎𝑙𝑙 Preheating chamber wall temperature (K) 
𝐾 Thermal conductivity of austenitic stainless steel (W/mK) 
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Figure 21. Matlab Simulink: Model for the preheater length. 
 
The heat transfer from the kiln wall to the test rig occurs through convection and then heat 
transfer occurs from the heated air to the preheater tube wall through conduction. This was 
shown in Matlab Simulink (Figure 21) using convective and conductive heat transfer blocks 
and using the kiln temperature block. Tdown and Tupstream blocks were used to indicate the 
temperature change of both downstream and upstream respectively. 
 
 
Figure 22. Matlab Simulink: Kiln temperature subsystem. 
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The kiln temperature subsystem represents the temperature of the oven and consists of three 
main blocks, kiln temperature, thermal reference and the ideal temperature source. In the 
subsystem, the kiln temperature is assigned to a Physical Signal (PS) constant block that 
generates a constant value of 1400.15 K representing the kiln temperature. The thermal 
reference block represents a thermal reference point that is at absolute zero temperature with 
respect to all other temperatures in the system. The ideal temperature source block represents 
an ideal source of thermal energy that is powerful enough to maintain specified temperature at 
its outlet regardless of the heat flow consumed by the system [73]. Here in the subsystem, 
connections A and B are thermal conserving ports and port S is a physical signal port, through 
which the control signal that drives the source is applied. The temperature difference across 
the source is directly proportional to the signal at the control port S and therefore the subsystem 
generates 1400.15 K as the final output.  
 
 
Figure 23. Matlab Simulink: Downstream temperature measurement subsystem. 
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Figure 24. Matlab Simulink: Upstream temperature measurement subsystem. 
 
The downstream and upstream measurement subsystems are to measure the temperature of the 
main system. This subsystem consists of four elements such as pressure and temperature 
sensor, PS Simulink converter, solver configuration and two “Go to” elements which are 
indicated as Tdown and Tup. The pressure and temperature sensor block represent an ideal sensor 
which measure pressure and temperature in a gas network. No mass or energy flow is associated 
with the sensor [73]. The physical signal ports P and T report the pressure difference and the 
temperature difference respectively. The measurements are positive when the values at port A 
are greater than the values at port B. In order to measure the absolute temperature at port A, the 
port B connected to the absolute reference block. PS Simulink converter is used to convert the 
physical signal for the port A temperature to a Simulink output signal. The solver parameters 
such as tolerance is associated with the solver configuration and the value is 1 × 10−9 for 
current system. The “Go to” block is used to pass the result of the subsystem to outside 
corresponding block.  
 
The results relating to Port A temperature (i.e. downstream temperature) and the Port B 
temperature (i.e. upstream temperature) are shown in Figure 25 and Figure 26 respectively.   
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Figure 25. Matlab Simulink: Results for Port A (downstream temperature). 
 
 
Figure 26. Matlab Simulink: Results for Port B (upstream temperature). 
 
4.5.4 Assessment of potential materials for the test rig 
 
The most demanding applications for high temperature materials are found in aircraft jet 
engines, industrial gas turbines and nuclear reactors. Other than those common applications, 
furnaces, ducting and electronic devices (such as electronics in downhole instrument in oil and 
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gas industry, control circuits mounted in aircraft engines , high temperature printed board 
circuits (PCB) and etc.) also can be identified as high temperature applications [74]. For high 
temperature performance, a material must have at least two essential characteristics. Firstly, 
since increasing temperature tends to reduce strength, the material must be strong. Secondly, 
since oxidation and corrosion attack also increase with the temperature, it must have resistance 
to its environment. Materials which can be used at high temperatures are considered in this 
section. 
 
4.5.4.1 Quartz  
 
Fused quartz, as an industrial raw material, can be used to make various refractory shapes such 
as crucibles, trays, shrouds and rollers for high temperature thermal processes such as steel 
making investment casting and glass manufacture. 
 
Refractory shapes made from quartz glass have excellent thermal shock resistance and are 
chemically inert to most substances [75, 76]. Translucent fused silica tube options are normally 
used to replace electric elements in room heaters, industrial furnaces and other similar 
applications [77]. When compared to other materials, quartz is extremely hard and requires 
specialists for processing. 
 
4.5.4.2 Ultra-high temperature ceramics 
 
According to William et al [78], ultra-high temperature ceramics are an emerging class of 
materials that have melting points above 3000℃ [79, 80]. Ultra-high temperature ceramics are 
binary compounds in which boron, carbon, or nitrogen combine with one of the early transition 
metals such as zirconium, titanium, and tantalum. Due to the strong covalent bonds with one 
of two those elements, these ceramic materials have high hardness, stiffness and melting points. 
Furthermore, these compounds also exhibit higher electrical and thermal conductivities than 
oxide ceramics because of their varying degrees of metallic bond character [81]. They are 
mostly used in furnaces, rocket motors, heat shields and structural components of aircrafts. 
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4.5.4.3 Nickel based super alloys 
 
Nickel based super alloys are mostly used in boilers, boiler tubes and turbines at steam 
temperatures of 700 ℃ where they have been thoroughly tested [82]. These alloys have been 
evaluated at temperatures up to 760 ℃ and have been modified to meet the services 
requirements of those components [83].  
 
4.5.4.4 Stainless steel 
 
Stainless steel for high temperature applications can be classified by two types: martensitic and 
austenitic stainless steel [84]. Martensitic stainless steel is classified as a creep-resistant steel 
in European standards EN 10088-1 and EN 10302 [85] and due to their low chromium content, 
they are not primarily specified as heat resistant grades. However, they are specified when the 
application requires good tensile strength. Normally martensitic stainless steel can withstand 
650 ℃ [86].  
 
Austenitic stainless steels provide the best combination of high temperature corrosion 
resistance and high temperature mechanical strength of any alloy group. Hence, there are heat–
resistant austenitic grades listed in EN 10095 and creep-resistant austenitic grades in EN 10302 
[87]. Heat resistant austenitic grades are widely used in high temperature applications up to 
≈1000 ℃ in dry air [88]. Typical examples include supporting elements and pipes in furnaces, 
annealing bells, cementation and hardening boxes and annealing pots [88].  
 
Stainless steel for high temperature applications is designed to have a protective oxide such as 
chromium oxide (Cr2O3), aluminium oxide (Al2O3) and silicon dioxide (SiO2) [89, 90].The 
effect of chromium oxide is particularly evident above 500℃. It forms a tight, adherent layer 
of chromium–rich oxide on the surface of the metal, retarding the inward diffusion of oxygen 
and impeding further reaction. Other elements, besides chromium also be added to stainless 
steel to increase oxidation resistance. Silicon and aluminium act very similarly to chromium. 
Stainless steel can be supplied in either wrought or cast forms. Although their chemical 
compositions are similar, the properties and costs of the two forms vary. 
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4.5.4.5 Choice of material for the test rig 
 
Based on the above review of materials for high temperature applications, austenitic stainless 
steel was chosen for the high temperature test rig fabrication purpose. This is because when 
compared to ceramic and quartz, austenitic stainless steel is readily available, cost-effective, 
can easily be machined. According to the literature [91, 92], they can be used at temperatures 
up to 1000 ℃ and the melting point of the austenitic stainless steel is much above 1005 ℃ 
[93]. Whilst ceramic and quartz can also withstand high temperature and quartz could provide 
a transparent test rig, specialised labour is needed for machining which gives higher 
manufacturing costs. Nickel based alloys were not chosen due to a lower range of service 
temperature than stainless steel.  
 
By considering the above factors, grade 310 austenitic stainless steel was initially selected to 
fabricate the test rig. However, due to the lack of availability of grade 310 in the sizes required 
and the cost of making hollow tube from grade 310 austenitic stainless steel bar is high, the 
only option was to use grade 316 austenitic stainless steel to fabricate the high temperature test 
rig. Since grade 316 is not designed to withstand a temperature of 1100 ℃, the maximum 
temperature feasible for measurements in this project was reduced to approximately 900 ℃. 
[94]  
 
In the following sections, thermal analysis is carried out on grade 316  austenitic stainless steel 
to assess any differences in case future projects need to go to higher temperatures. 
 
4.5.5 Thermal stress analysis of the high temperature test rig 
 
As the upper temperature limit of grade 316 austenitic stainless steel is not known exactly but 
for measurements to 800 ℃ is the lower temperature limit used in Finite Element Analysis 
(FEA) to assess the thermal stability and thermal stress for components of the test rig was 
900 ℃. The aim with FEA is to calculate the thermal stress von Mises over each component 
of the test rig and check that the maximum value is less than the yield stress and make a 
comparison with the ultimate tensile stress for the grade of austenitic stainless steel. von Mises 
stress is usually used to analyse the yield point of design under the action of complex loads. 
The stress value indicates the load per unit area at which material will yield or fracture. It helps 
designers to check whether their design will withstand a given load condition. [95, 96]   
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Thermal stress is simulated by coupling heat transfer and structural analyses for which the 
process consists of two main steps: 
 
1. Perform heat transfer analysis to determine the temperature distribution  
2. Apply the temperature results as a load in a structural analysis to determine the stress 
caused by the temperature load. 
 
FEA was carried out using mechanical simulation Autodesk software with transient heat 
transfer analysis for grade 316 austenitic stainless steel. Since the model will be analysed using 
brick elements, solid mesh type was selected and the selected finite element mesh size was 6 
mm [97]. 
 
It is assumed that the heat transfer occurs due to both convection and conduction inside the test 
rig. Based on the available kiln, it can be assumed that the temperature could rise from 800 ℃ 
to 900 ℃ in 540 s (9mins) which allows time-varying temperature to be assessed towards the 
upper temperature limit. The initial temperature of the inner and outer surfaces of the test rig    
are assumed to be 800 ℃. The airflow velocity (u) is the same as the experimental situation, 
i.e. 0.5 ×10-3 m/s. However, when considering the results, the grade 316 austenitic stainless 
steel design failed at temperatures similar and above 900 ℃ and because of that, the focused 
experimental temperature was reduced for 800 ℃. 
 
The calculations which were conducted as follows for the convection heat transfer coefficient. 
 
Prandtl number of the air at 800 ℃ (Pr): 0.70538 [98] 
Kinematic viscosity of air at 800℃ (𝛾) : 13.17 × 10−5 m2/s [98] 
Thermal conductivity of air at 800℃ (k) = 7.0746 × 10−2 W/mK [98] 
The hydraulic diameter (Dh): (For this case the internal diameter of the cylinder was 
considered) 100 mm 
 
Therefore the Reynolds Number (Re) =
𝑢𝐷
𝛾
 = 3.7965 
The Nusselt number (Nu) = 
ℎ𝐷
𝑘
 =0.989𝑅𝑒0.330𝑃𝑟
1
3  (For 0.4 < Re <4) [72] 
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From calculation, Nu =1.3673 therefore, the convection heat transfer coefficient (h) = 0.9673 
W/m2K 
 
Temperature distribution and von-Mises stress distribution results for main three components 
of the test rig are presented in Figure 27 to Figure 32. 
 
According to the material property data of Grade 316 austenitic stainless steel has the yield 
stress of 250 MPa and 565 MPa of ultimate tensile stress [93]. As shown in Figure 28, most of 
the parts of the specimen holder cap have the stress less than the yield stress of the material 
and however, the connecters exceed the yield stress of 250 MPa.   In the specimen holder (see 
Figure 30 ), the stress of most of areas of the body as well as the connecting parts exceed the 
yield stress. Furthermore, both of those designs have a maximum stress which exceeds the 
ultimate tensile stress of the material. Therefore, the specimen holder cap and the specimen 
holder cannot be considered as safe at the temperature of 900 ℃. As shown in Figure 32 , only 
the preheater has the stress which is lower than the yield stress. Therefore the preheater can be 
considered as safe at 900 ℃. 
 
  
 
Figure 27. Temperature distribution of 
specimen holder cap 
 
Figure 28. von-Mises stress distribution of 
specimen holder cap
58 
 
 
Figure 29. Temperature distribution of 
specimen holder 
 
Figure 30. von-Mises stress distribution of 
specimen holder 
 
 
 
Figure 31. Temperature distribution of 
preheater 
 
Figure 32. von-Mises stress distribution of 
preheater
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4.5.6 Pipe connections 
 
The airflow and differential pressure measuring instruments are situated outside the kiln and 
are connected via grade 316 austenitic stainless steel pipes to the test rig inside the kiln. This 
can be seen in Figure 33 and Figure 34. Details on the connections and the components 
associated with the whole system are in Appendix C and Appendix D.   
 
 
 
Figure 33. AutoCAD 3D model of high temperature test rig with connecting pipes. 
 
Figure 34. Photo of high temperature test rig with connecting pipes. 
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An assessment was needed to avoid the heat damaging the instruments because (a) the 
measuring instruments cannot withstand the air temperatures that are generated inside the kiln, 
and (b) the high temperature of the pipes inside the kiln could potentially be conducted outside 
the kiln and melt the connections to the measuring instruments.  
 
4.5.7 Simulink modelling to determine the length of pipe needed to ensure sufficient 
cooling 
 
The measuring instrument used to measure the differential airflow and flow rate is intended for 
air temperatures below 34 ℃; however, the exhaust air is at a high temperature hence it needs 
to be cooled before measurements can take place. As the kiln is rated to 1100 ℃, this is chosen 
as the upper temperature for this analysis.  
 
A heat exchanger is designed for the exhaust air tubes consisting of a wrapped copper pipe 
containing cold water and austenitic stainless steel pipe. The temperature of the cold water 
from the chiller is 5 ℃.  
 
Simulink modelling was used to assess the length of austenitic stainless steel tube that would 
be needed to ensure that the air inside the pipe was cooled before it reached the measuring 
instrument. 
 
 
Figure 35. Matlab Simulink: System to assess pipe cooling. 
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As shown in Figure 35, the heat outflow from pipe wall to the environment is represented using 
conductive and convective heat transfer blocks. They represent heat transfer from the pipe wall 
to the copper wrapping through conductivity and from copper wrapping to the cold water from 
convection. Tup1 and Tdown1 represent the upstream and downstream temperatures respectively. 
 
  
Properties of chilled water at 5 °C are [99]: 
 
Density (𝜌)                      : 1000 kg/m3                               Prandtl number (Pr): 11.2  
Thermal conductivity (k): 0.571 W/m2C         
Kinematic viscosity (𝛾) = dynamic viscosity/density =
1.319×10−3
1000
  : 1.319x10-6 m2/s   
 
Properties of air at 1100 °C are [98]: 
 
Density (𝜌)                     : 0.26156 kg/m3                     Prandtl number (Pr): 0.72168 
Thermal conductivity (k): 0.082142 W/m2C       Kinematic viscosity (𝛾)  : 1.920x10-4 
 
 
Heat transfer coefficient for 1100 oC ( hh): 
 
Hydraulic diameter for the pipe (Dh): 6.25 x10
-3 m 
Mean velocity of air (Vm)              : 5x 10 
-4 m/s 
Reynolds number for air (Re) = 
𝑉𝑚𝐷ℎ
𝛾
 =
5𝑥10−4𝑥6.25𝑥10−3
1.920𝑥10−4
 : 0.01627604167  
 
As the Reynolds number is significantly lower than 4000, the flow can be assumed to be 
laminar.  
 
Since 100<Re, Nusselt number (Nu) from Nusselt number data table [72, 100], with respect to 
the value of Di/Do (6.25/7.35) = 0.85 
 
Nu=6.62 = 
ℎℎ𝐷ℎ
𝑘
 
Therefore, hh = 
6.62×0.082142
6.25𝑥10−3
  : 87.0048064 W/m2C  
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Heat transfer coefficient for 5 oC chilled water (hc): 
 
Chiller outlet diameter =12.7 mm = 12.7x10-3 m (According to manufacturer’s data) 
Chilled water outlet flow rate (m3/s) = 0.00025 m3/min= 4.1667x10-6 m3/s 
Therefore the mean velocity (Vm) = 
4.1667𝑥10−6
0.01272𝑥0.25𝑥3.14
= 0.0329ms-1  
 
Reynolds number (Re) = 
0.0329𝑥0.0127
1.319𝑥10−6
 = 316.8648 (flow remains laminar) 
 
Since 100< Reynolds number (Re) <2000 [72]; 
 
 Nu=
ℎ𝑐𝐷ℎ
𝑘
=0.664       Re0.5Pr1/3= 0.023x (316.8648)0.5x (11.2)1/3 =26.445 
Therefore, hc = 1188.98 W/m
2oC 
 
The overall heat transfer coefficient (U) = 
1
1
ℎℎ
+
1
ℎ𝑐
 = 
1
1
87.0048
+
1
1188.98
= 81.072 W/m2oC 
 
𝑄 = 𝑈 𝐴 ∆𝑇                                                                        (68) 
 
 
According to the manufacturer’s data, the capacity of the chiller is 2500 W, 
By assuming the efficiency is 50 %, 
25000.5 = 81.072  𝜋𝑑𝑙x (1100 - 34) 
                          =81.072π6.2510-3l(1100 - 34) 
                                                    L= 0.7366 m = 73.7cm 
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Figure 36. Matlab Simulink: Results for the temperature of pipe. 
 
From Figure 36, it is seen that the upstream temperature is at a constant temperature of 1400 K 
(1127℃) whilst the downstream temperature reduces from 1400 K (1127 ℃) to 307 K (34 ℃) 
due to conductive and convective heat transfer. 
 
4.5.7.1 Experiments to assess the effect of heating and cooling the pipe connections 
 
Experiments were carried out to assess heat transfer along grade 316 austenitic stainless steel 
tubes and the cooling provided by the proposed heat exchanger. These experiments were used 
to check the efficiency of the heat exchanger to cool the exhaust tube before reaching the 
differential pressure and flow measuring apparatus because the operating range of this 
apparatus is limited to 34 ℃. The kiln temperature for the experiment was 900 ℃ with the 
dwell time set at 4 hours. The applied ramp rate for the kiln was 400 ℃ and within 
approximately 4 hours the kiln achieved the target temperature of 896 ℃ within 4 ℃.  
 
The measurements used two 90 cm long, grade 316 austenitic stainless steel hollow tubes where 
30 cm of the tube was inside the kiln and 60 cm was outside the kiln. The smaller diameter 
tube for the differential pressure tap had an internal diameter of 3.85 mm and an external 
diameter of 6.43 mm. The larger diameter tube for the air inlet had an internal diameter of 
10.37 mm and an external diameter of 12.79 mm. 
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The tubes were inserted into the kiln (through a hole that was a slightly larger diameter than 
the largest pipe diameter) located in the kiln front door as indicated in Figure 37.  
 
 
Figure 37. Experimental set-up used to assess cooling of the connecting pipes. 
 
The temperature in the kiln was 900 oC and the room temperature was 12 oC. Measurements 
were taken 30 minutes after inserting the tube into the kiln. The temperature along the tube was 
measured at 20 cm intervals using a digital thermometer TENMA 72-10390A and a K-type 
thermocouple. The temperature results for the two different diameter pipes are given in Table 
4. The larger diameter pipe has a lower temperature than the small diameter pipe outside the 
kiln at a distance of 20 cm. This can be caused by the larger surface area that is exposed to the 
cool air outside the kiln so the rate of heat transfer from the pipe surface to the outside is higher 
than the small pipe, as described by the following equation 
 
?̇? = (𝑈𝐴∆𝑇)/𝑡                                                                                (69) 
 
where ?̇? is the heat transfer rate from the pipe surface to the outside, U is the overall heat 
transfer coefficient (W/m2.K), A is the surface area, t is time and ∆T is the temperature 
difference (∆T= Tsurface -TEnvironment).  As U, TEnvironment, and t are constant, the larger surface area 
of the larger diameter pipe gives a higher heat transfer rate; hence the larger diameter pipe is 
cooler than the small diameter pipe at a distance of 20 cm from the kiln. However, after this 
distance the temperature of both pipes is similar to room temperature. 
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Table 4. Measured change in temperature along the length of pipe that was outside the kiln 
when the inside of the kiln was at 900 C. 
 Pipe diameter (mm) at 
room temperature 
Temperature (oC) 
Internal External Outside the 
kiln at a 
distance of 
20 cm from 
the kiln door 
Outside the 
kiln at a 
distance of 
40 cm from 
the kiln door 
Outside the 
kiln at a 
distance of 
60 cm from 
the kiln door 
Smaller 
diameter pipe 
3.85 6.43 37.1 15.1 13.5 
Larger diameter 
pipe 
10.37 12.79 15.0 14.8 14.2 
 
 
The heat exchanger used in the experiment consisted of 5 mm diameter copper tubing wrapped 
around the austenitic stainless steel pipe that was surrounded by foam. The chiller supplied 
cool water at 4 ℃. One end of the austenitic stainless steel tube was inserted into the kiln. The 
temperature in the kiln was 900 oC and the room temperature was 12 oC and the measurements 
were taken after 30 minutes. 
 
Surface temperature measurements were taken on the steel pipe and the foam wrapping and air 
temperature measurements were taken at the exhaust of the pipe. The arrangement is shown in 
Figure 38 and the results are given in Table 5. 
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Figure 38. Experimental cooler arrangement indicating temperature measurement points A 
and B. 
 
Table 5. Temperature changes of pipework with cooler arrangement. 
Inside pipe 
diameter at 
room 
temperature 
(mm) 
Outside pipe 
diameter at 
room 
temperature 
(mm) 
Surface 
temperature at 
Point A – near to 
kiln door 
(oC) 
Surface 
temperature at 
Point B – at air 
outlet 
(oC) 
 Surface 
temperature at 
Point C – on 
foam 
(oC) 
Air temperature 
inside the tube 
at Point D – 
underneath the 
copper cooler 
(oC) 
3.85 6.43 37.1 14.6 15.3 11.1 
10.37 12.79 32.8  14.7 14.1 10.9 
 
At the exhaust point which would connect to the measuring instrument, the air temperature 
with and without the cooler is below 34 °C; hence there was no need to use a heat exchanger. 
 
4.5.7.2 Expansion of pipes 
 
To assess the expansion of taps and their external connecting pipes based on diameters (d) 
some manual calculations were carried out. These used equation (70) and the results are given 
in Table 6 and Table 7. Here, the room temperature is assumed to be 20 ℃ and it is assumed 
that the kiln temperature is 900 ℃. The thermal expansion coefficient (𝛼) for austenitic 
stainless steel is 15.6 x10-6 /℃ [93]. 
 
∆𝑑 = 𝑑𝛼∆𝑇                                                                         (70) 
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where; 
 
                           ∆𝑇: Temperature difference 
                           ∆d: Diameter change 
 
Table 6. Measured expansion for connectors of the test rig. 
Test rig tap type Expansion (mm) (𝑑𝛼∆𝑇) Expansion (%) 
Air inflow Differential 
pressure 
Air inflow Differential 
pressure 
Air inflow Differential 
pressure 
Inside 
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside 
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside 
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside 
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside 
diameter 
(%) 
Outside 
diameter 
(%) 
Inside 
diameter 
(%) 
Outside 
diameter 
(%) 
8.00 10.25 2.95 3.72 0.110 0.141 0.040 0.051 1.38 1.38 1.38 1.38 
 
Table 7. Measured expansion of external connecting pipes. 
External pipe type Expansion (mm) (𝑑𝛼∆𝑇) Expansion (%) 
Air inflow Differential 
pressure 
Air inflow Differential 
pressure 
Air inflow Differential 
pressure 
Inside 
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside 
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside 
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside 
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside 
diameter 
(%) 
Outside 
diameter 
(%) 
Inside 
diameter 
(%) 
Outside 
diameter 
(%) 
10.37 12.79 3.85 6.43 0.143 0.176 0.053 0.088 1.38 1.38 1.38 1.38 
 
The experiments were performed for test rig connectors and external pipes for the expansion 
and the results for the change in pipe diameters are given in Table 8 and Table 9. These results 
indicate that the pipes shrink after heating to 900℃ and cooling down to room temperature. As 
the test rig will be used on multiple heating cycles, the shrinkage is not expected to cause air 
tightness problems over time.  
 
Table 8. Measured expansion or shrinkage of test rig connectors. 
Test rig tap type After heating to 900 ℃ and having cooled 
down to room temperature 
Percentage of expansion or shrinkage (%) 
Air inflow Differential 
Pressure 
Air inflow Differential 
Pressure 
Air inflow Differential 
Pressure 
Inside  
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside  
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside  
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside  
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside  
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside  
diameter 
Outside 
diameter 
8.00 10.25 2.95 3.72 8.08 10.36 2.36 3.53 1.05 1.12 -0.20 -0.05 
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      Table 9. Measured pipe diameter change for external connecting tubes after heating to 
900 C and cooling down to room temperature (measurements carried out after the tube had 
cooled down to room temperature). 
Inside pipe 
diameter at 
room 
temperature  
(mm) 
Outside 
pipe 
diameter at 
room 
temperature 
(mm) 
Pipe end which was 
inside the kiln 
Pipe end which 
remained outside 
the kiln 
Pipe end which was 
inside the kiln 
Pipe end which 
remained outside the 
kiln 
Inside 
diameter 
(mm) 
Outside 
diameter 
(mm) 
Inside 
diameter 
(mm) 
Outside 
diameter 
(mm) 
Shrinkage 
of inside 
diameter 
(%) 
 
Shrinkage 
of outside 
diameter 
(%) 
 
Shrinkage 
of inside 
diameter 
(%) 
 
Shrinkage 
of outside 
diameter 
(%) 
 
3.85 6.43 3.83 6.35 3.79 6.34 0.52 1.24 1.56 1.40 
10.37 12.79 9.84 12.78 10.27 12.69 5.11 0.078 0.96 0.78 
 
 
In order to make sure there is no issue with the airtightness, room temperature airflow resistivity 
of samples were measured for two randomly selected material IDs and the results before 
heating up the test rig without external connecting pipes and after heating up the test rig with 
external connecting pipes are given in Table 10. 
 
Since the percentage difference in the majority of airflow resistivity values between both 
scenarios is less than 10% it is concluded that there is no significant issue associated with the 
airtightness of the assembly. 
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Table 10. Airflow resistivity results of material before heating the test rig without pipes and 
after heat up and cool down the test rig with connected pipes. 
Material 
ID No 
Before heating the test rig 
without pipes 
After heating the test rig 
with pipes up to 800℃ 
and cooling down to room 
temperature  
Percentage 
difference of 
airflow resistivity 
values without 
pipes and with 
pipes (%) 
Thickness 
(mm) 
Airflow 
Resistivity 
(Pa.s/m2) 
Thickness 
(mm) 
Airflow 
Resistivity 
(Pa.s/m2) 
0063 
53 44,646 48 45,954 -2.93 
53.4 43,749 50 48,126 -10.00 
50 43,929 50 41,932 4.55 
51.3 43,780 50 48,527 -10.84 
50 44,495 46 44,901 -0.91 
48 42,015 47 43,091 -2.56 
50.3 43,853 48 41,292 5.84 
52 44,159 50 40,105 9.18 
50 44,937 49 42,970 4.38 
50.6 39,630 50 44,116 -11.32 
0064 
40 36,630 48 34,527 5.74 
48 34,528 50 36,095 -4.54 
46 36,029 50 36,897 -2.41 
47 36,265 45 36,540 -0.76 
40 36,596 48 33,696 7.92 
39 36,506 50 37,140 -1.74 
38 36,411 47 35,838 1.57 
43 35,292 46 37,606 -6.56 
50 36,897 54 35,278 4.39 
40 36,630 49 36,422 0.57 
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4.6  Choice of preheater material  
 
Following the approach of Christie [34], a preheater was used to try and ensure that the 
temperature of the air inside the test rig is nominally identical to the kiln temperature. To 
achieve this it is necessary to use packing material inside the preheater. After performing 
several experiments with different packing material, Superwool plus tank car blanket 
(64 kg/m3) was selected as the preheater material. This material has a high melting point, is 
mechanically stable with very low shrinkage at high temperatures and is mechanically needled 
for added tensile strength and surface integrity. Its thermal conductivity is 0.27 W/mK at 
816 ℃. One issue occurs because the material is thermally insulating. Initial experiments 
showed that if the preheater was filled with this material then the air temperature at the top of 
the preheater (just before it enters the test specimen holder) was only 536 ℃. Therefore, only 
a 50 mm layer was used as indicated in Figure 39. 
 
According to the manufacturer, the thermal conductivity values of the packing material are as 
indicated in Table 11. According to the EN 12939:2000 [101] since, all of those values are less 
than 0.3 W/mK, the material can be considered as a thermally insulating material.  
 
Table 11. Thermal conductivity of the packing material along with the temperature 
Temperature (℃ ) Thermal conductivity (W/mK) 
260 0.07 
538 0.14 
816 0.27 
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Figure 39. Packing material inside preheater. 
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4.6.1.1 Sample thickness measurement 
 
The material thickness varied between 40 and 60 mm and was measured before placing it inside 
the test rig using a standard pin and disc technique according to ISO 10635 [102]. After the 
sample was positioned inside the test chamber it was possible to check that the compression of 
the sample using the five grooves that were marked as indicators inside the test rig (25 mm 
spacing). 
 
4.7  Measurement of differential pressure 
 
The Furness Control FCS 523 measurement instrument that was used to measure the 
differential airflow and flow rate is intended for air temperatures below 34 ℃. However, for 
the high temperature rig it is necessary to measure the differential pressure for air in the kiln 
that varies between room temperature and 800 ℃. The air from the two tapping points for 
differential pressure on the test rig is connected to pipes that lead to the measurement 
instrument. These pipes lose heat along their length so that air temperatures are below 34 ℃ 
when the air reaches the instrument. 
 
 
Figure 40. High temperature experimental assembly. 
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4.7.1 Simulink modelling of differential pressure measurements in the high 
temperature test rig 
 
To assess the potential change in the differential pressure between measurements at 18 ℃ and 
800 ℃, simulations were carried out using Matlab Simulink – see model in Figure 41.  
 
The local restriction block in Simulink was used to represent a porous material by changing its 
parameters to recreate experimental data for 100 mm Rockwool (100 kg/m3) from Hopkins [6] 
at room temperature (assumed to be 18 ℃) which gave a differential pressure of 2.3 Pa . 
 
The laminar flow velocity for the model is 5 × 10−4 m/s (i.e. the same as the measurement). 
The Simulink model requires the mass flow rate that is calculated from the product of the cross-
sectional area, flow velocity and air density. At 18 ℃, the mass flow rate is 4.728× 10−6 kg/s 
whereas at 800 ℃ (where air density is lower) it is 1.01 × 10−6 kg/s. 
 
The differential pressure result from the simulation is 0.62 Pa at 800 ℃, which is significantly 
lower than the room temperature value of 2.3 Pa. For this reason, the next section investigates 
the correction that is needed to ensure that the differential pressure measured at room 
temperature corresponds to the differential pressure that exists at high temperature. 
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Figure 41. Simulation of the high temperature rig measurement using a local restriction to 
simulate a porous material.  
 
 
4.7.2 Manual calculation for differential pressure variation according to the temperatures 
 
Calculations and simulations related to the differential pressure were performed according to 
temperature variation using ideal gas law [103]. The relationship linking differential pressure 
at room temperature and high temperature is discussed here. 
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Figure 42. Arrangement of high temperature test rig and the measuring instrument.  
 
Calculations were carried out using the ideal gas equation (71) as follows. 
 
The ideal gas equation is given by  
 
 
𝑃𝑉 = 𝑛 𝑅𝑇                                                                    (71) 
 
 
where, 
 
P   : Pressure (Pa) 
V    : Volume (m3) 
n   : Number of moles (mol) 
R    : Universal gas constant (8.314 J/mol/K) 
T    : Absolute temperature (K) 
 
Number of moles, n = 
𝑚
𝑀
  
 where: 
m   : Mass of air (kg) 
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M   : Molecular mass of air (28.6 × 10−3 kg/mol) 
 
Applying the ideal gas equation to the preheating chamber to calculate the pressures P1 and 
P2 which is given in the Figure 41. 
 
 𝑃1(𝜋 × (100 × 10
−3)2 × 0.25 × 150 × 10−3) =
0.5×10−3×(𝜋×(100×10−3)
2
×0.25×0.3289×8.314×1073
28.6×10−3
 
𝑃1 =    341.96 Pa 
 
Using the cross-sectional area with the porosity which is calculated from the previously 
conducted Matlab Simulink program, and assuming the quantity of moles are equal in both 
situations gives 
 
𝑃2(7.80152 × 10
−3  × 150 × 10−3 )
=
0.5 × 10−3 × 𝜋 × (97 × 10−3)2 × 0.25 × 0.3289 × 8.314 × 1073
28.6 × 10−3
 
 
𝑃2 = 344.26 Pa 
 
Hence the differential pressure is 2.30 Pa (344.26 – 341.96 Pa). 
 
By considering the long pipe, the gas volume along the pipe is constant and only the 
temperature and the pressure vary along the tube. Because of that, from the ideal gas equation, 
pressure is proportional to temperature; hence it is possible to relate the pressure at high and 
low temperatures using  
  
 
𝑃1
𝑇1
=
𝑃1
′
𝑇1
′ 
Therefore, 
𝑃1
′ =
𝑃1𝑇1
′
𝑇1
 
                                                                  =
341.96×291
1073
 
                                                                  =92.74 Pa 
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𝑃2
𝑇2
=
𝑃2
′
𝑇1
′ 
𝑃2
′ =
𝑃2𝑇1
′
𝑇2
 
                                                                 =
344.27×291
1073
 
                                                                 =93.36 Pa 
 
Therefore, the differential pressure is only 0.62 Pa (93.36 – 92.74 Pa) at 291 K (18 ℃) Since 
the manual calculation results are same as the simulation results which is indicated in above, it 
can be concluded that the differential pressure varies with temperature 
  
4.8 Summary 
 
The design of room temperature test rig and high temperature test rig has been described along 
with the measuring apparatus for airflow and differential pressure, and other supporting 
elements which were associated with the airflow supply and the kiln. Simulations were carried 
out in order to determine the length of the preheater of the high temperature test rig by 
considering the heat transfer between the test rig and the kiln.  
 
The materials selected for the fabrication of high temperature test rig are discussed and 
assessed. Due to the lack of availability of Grade 310 austenitic stainless steel hollow tubes, 
Grade 316 austenitic stainless steel was used for the fabrication. Since it was found that the 
thermal stability of high temperature test rig is below 900℃, the high temperature experimental 
temperature was reduced to 800 ℃. Calculations were carried out to assess the effect of 
temperature on the differential pressure and these calculations were checked using the 
simulation results. 
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Chapter 5.  RESULTS AND ANALYSIS 
 
5.1    Room temperature measurements 
 
5.1.1 Comparison of ISO 9053-1 and ASTM C522 results 
 
Airflow resistivity measured using the ISO 9053-1 standard is compared with measurements 
according to ASTM C522 from another laboratory that were provided by the funder. The results 
for the sixteen different material ID numbers are shown in Table 12. Average values of airflow 
resistivity are shown from 10 samples for ISO 9053-1 and 5 samples for ASTM C522 
measurements. 
 
For the majority of materials there is <10% difference between the two sets of measurements. 
The agreement between the average values indicates that the samples had a similar fitting in 
the different test rigs. The difference is attributed to the following factors: different samples 
(although they were cut from the same production batch), different measurement standards and 
different operators inserting the samples in the test chamber. However, a statistical independent 
samples test in  Table 13 shows that the results of both methods have equal variance at the 95% 
confidence interval of the difference (since p>0.05). It is concluded that the ISO 9053-1 and 
ASTM C522 measurements can be considered to be similar. 
 
Table 12. Comparison between room temperature airflow resistivity measurements using 
ISO 9053-1 and ASTM C522 for different AES materials. 
Material 
ID No. 
Airflow resistivity 
according to ISO 9053-1 
(Pa.s/m2) 
Airflow resistivity 
according to ASTM 
C522 (Pa.s/m2) 
Percentage 
difference (%) 
0048 8,981 7,338 22.4 
0050 82,366 78,742 8.7 
0051 54,249 48,527 11.8 
0052 42,765 42,805 0.1 
0053 36,368 36,841 1.3 
0054 28,373 26,899 5.5 
0055 18,714 19,355 3.3 
79 
 
0056 14,397 14,749 2.4 
0057 90,692 97,378 6.9 
0058 102,016 105,496 3.3 
0059 82,664 88,087 6.2 
0060 50,211 54,493 7.9 
0061 48,291 46,065 4.8 
0062 33,728 36,677 8.0 
0063 44,366 44,150 0.5 
0064 36,479 37,345 2.3 
 
       Table 13. Statistical test results on the comparison of ISO 9053-1(10 samples) and 
ASTM C522 (5 samples). 
Independent Samples Test 
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df 
Sig. 
(2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
(Pa.s/m2) 
Equal variances 
assumed 
.022 .884 -
0.064 
30 .950 -642.938 10068.14 -21204.83 19918.96 
Equal variances 
not assumed 
  
-
0.064 
29.929 .950 -642.938 10068.14 -21206.88 19921.01 
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5.1.2 Assessing the effect of air leaks in the pipes 
 
To assess the effect of a leak in the air supply and the differential pressure pipes with the ISO 
test rig, two materials were chosen: a sample of material ID No.0055 (64 kg/m3) which had a 
low airflow resistivity and a 20 mm thick porous aluminium disk which had a high airflow 
resistivity. 
 
The experiment was used to assess what would happen if there was a leak in the air supply and 
when there are leaks in both the air supply and the differential pressure pipe which is connected 
to the test rig (i.e. the pressure tap underneath the sample on the ISO test rig). These leaks were 
artificially created by drilling a 2 mm diameter hole in the plastic pipe close to the taps on the 
ISO 9053 test rig.  
 
The airflow resistivity results for one (randomly selected) sample of material ID No.0055 
(64 kg/m3) is given in (a) Table 14 when there are no leaks, (b)  Table 15 when there is a 2 mm 
diameter hole in the air supply and (c) Table 16 when there is a 2 mm diameter hole in the air 
supply and the differential pressure pipe. The results indicate that there is a negligible effect 
when there is a leak in the supply because the flow rate is always manually adjusted to give the 
required flow velocity. However, the leak in the differential pressure pipe causes a drop in the 
differential pressure that gives a 0.42% error in the airflow resistivity. 
 
Table 14. Airflow resistivity results without leaks – sample of material ID No.0055 
(64kg/m3) 
Thickness 
(mm) 
Flow velocity 
(l/min) 
Differential 
pressure (Pa) 
Airflow 
resistivity 
(Pa.s/m2) 
43 0.236 0.37 17,181 
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   Table 15. Airflow resistivity results with a 2 mm diameter hole in the air supply – sample 
of material ID No.0055 (64 kg/m3). Percentage error is based on the value in Table 14. 
Thickness 
(mm) 
Flow velocity 
(l/min) 
Differential 
pressure (Pa) 
Airflow 
resistivity 
(Pa.s/m2) 
Percentage 
error (%) 
43 0.236 0.37 17,181 
 
0.00 
 
Table 16. Airflow resistivity results with a 2 mm diameter hole in the air supply and the 
differential pressure pipe – sample of material ID No.0055 (64 kg/m3). Percentage error is 
based on the value in Table 14. 
Thickness 
(mm) 
Flow 
velocity 
(l/min) 
Differential 
Pressure 
(Pa) 
Airflow resistivity 
(Pa.s/m2) 
Percentage error 
(%) 
43 0.236 0.35 17,254 0.42 
 
The airflow resistivity results for the 20 mm porous aluminium disk are given in (a) Table 17 
when there are no leaks, (b)  Table 18 when there is a 2 mm diameter hole in the air supply and 
(c)  Table 19 when there is a 2 mm diameter hole in the air supply and the differential pressure 
pipe. As with the low airflow resistivity sample, the results confirm that a hole in the air supply 
has negligible effect but the hole in the differential pressure pipe gives rise to a higher error in 
the airflow resistivity (2.7%) with the high airflow resistivity sample. However, considering 
the similar differences between ISO 9053-1 [2] and ASTM C522 [7] this error would not be 
problematic; hence the test rig design is resistant to errors from air leaks. 
 
The results from the 20 mm porous aluminium disk are useful in trying to assess the error that 
might occur if there were leaks in the high temperature test rig because when measurements 
are taken at high temperatures, it has been shown in section 5.2.2  that the differential pressure 
is much lower at high temperatures. The value of differential pressure of 1.08 Pa in  Table 19 
is similar to the lower values that are expected for the fibrous ceramic materials at high 
temperatures. Hence, if leaks were to occur due to thermal expansion in the test rig and/or pipes 
the resulting error in the airflow resistivity could be considered negligible.  
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Table 17. Airflow resistivity results without leaks – 20 mm porous aluminium  
Differential 
Pressure (Pa) 
Flow velocity 
(l/min) 
Airflow resistivity 
(Pa.s/m2) 
1.11 0.235 111,292 
 
    Table 18. Airflow resistivity results with a 2 mm diameter hole in the air supply - 
20mm porous aluminium. Percentage error is based on the value in Table 17. 
Differential 
pressure 
(Pa) 
Flow velocity 
(l/min) 
Airflow resistivity 
(Pa.s/m2) 
Percentage 
error (%) 
1.11 0.235 111,292 0.0 
 
 Table 19. Airflow resistivity results with a 2 mm diameter hole in the air supply and the 
differential pressure pipe – 20 mm porous aluminium. Percentage error is based on the value 
in Table 17. 
Differential 
pressure 
(Pa) 
Flow velocity 
(l/min) 
Airflow resistivity 
(Pa.s/m2) 
Percentage 
error (%) 
1.08 0.235 108,284 2.7 
 
5.1.3 Comparison of the ISO and high temperature test rigs 
 
To check that the high temperature test rig gave nominally identical results to the ISO 9053-1 
test rig when both measurements were carried out at room temperature (20℃), experiments 
were carried out with three different densities of alkaline earth  silicate fibrous materials, 64, 
96  and 128 kg/m3 (i.e. Material ID Nos. 0048, 0064 and 0058). In these measurements, the 
high temperature test rig incorporates the packing material in the preheating chamber. 
 
The reason to look for differences using different density materials is that the test sample 
holders are different and therefore ‘soft’ (low density) and ‘stiff’ (high density) samples might 
be fitted differently in the two test rigs. This is partly due to the ISO rig being transparent which 
allows the experimenter to see the fitted sample (which is not possible with the high 
temperature rig) and partly due to the different length of the sample holder tubes. 
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Single samples 
 
The results for single samples at room temperature are given in Table 20 and Table 21. These 
results show that the airflow resistivity increases with increasing density. In order to assess the 
extent of variability in relation to the mean population and the reproducibility of the data, 
coefficient of variation (CoV) is also calculated.  CoV is defined as the ratio of the standard 
deviation to the mean and they show that the CoV is highest for the low density material; this 
could be due to distortion (e.g. compression) of these ‘soft’ test specimens when positioned in 
the test holder or due to larger variation in the physical properties between samples. The CoV 
is also higher for the 128 kg/m3 samples than the 96 kg/m3 samples; this might be due to air 
gaps around the edges occurring with the relatively stiff, high density samples that would have 
led to lower values of airflow resistivity. 
 
The next step is to carry out statistical tests to compare the results from the two test rigs. For 
material ID No. 0048 (64 kg/m3), differences between the ISO 9053 and high temperature test 
rigs for single samples are assessed using an independent samples test for which the SPSS 
output is given in Table 22. Equal variances can be assumed; hence there is a statistically 
significant difference (p<0.05) between the airflow resistivity of single samples in the ISO test 
rig (M=10,303.0 SD=1063.6) and the high temperature test rig (M=7940.2 SD=1158.5). Single 
samples in the ISO test rig have higher airflow resistivity than those in the high temperature 
test rig; t (18) = 4.75 p=0.00. 
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   Table 20. Airflow resistivity measured in the ISO test rig for single samples of AES 
material at room temperature. 
Density 
(kg/m3) 
Material 
ID No. 
Thickness 
(mm) 
Differential 
pressure 
(Pa) 
Volumetric 
flow rate 
(l/min) 
Airflow 
resistivity 
(Pa.s/m2) 
 
Average  
(Pa.s/m2) 
 
Std. 
deviation 
(Pa.s/m2) 
 
 
CoV 
(-) 
64 0048 
40 0.25 0.236 12,480 
10,373 983 0.094 
43 0.23 0.236 10,680 
44 0.23 0.236 10,438 
38 0.18 0.236 9,633 
44 0.23 0.236 10,438 
56 0.26 0.236 9,271 
50 0.24 0.236 9,585 
46 0.23 0.236 9,984 
40 0.23 0.236 11,481 
41 0.20 0.236 9,740 
96 0064 
50 0.94 0.237 37,381 
36,479 706 0.019 
54.8 0.97 0.236 35,344 
48 0.88 0.235 36,763 
43 0.78 0.236 36,220 
49.8 0.92 0.236 36,888 
49.2 0.91 0.235 37,089 
49 0.89 0.235 36,422 
48.8 0.90 0.235 36,982 
54 0.95 0.235 35,278 
49 0.89 0.235 36,422 
128 0058 
51 2.36 0.235 92,793 
102,016 6710 0.066 
42.6 2.26 0.226 110,619 
48 2.32 0.235 96,921 
45 2.31 0.235 102,937 
51 2.35 0.235 92,400 
45 2.32 0.236 103,383 
47 2.35 0.235 99,839 
42 2.34 0.234 111,722 
46 2.34 0.234 102,443 
44 2.31 0.231 107,100 
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         Table 21. Airflow resistivity measured in the high temperature test rig for single 
samples of AES material at room temperature. 
Density 
(kg/m3) 
Material 
ID No. 
Thickness 
(mm) 
Differential 
pressure 
(Pa) 
Volumetric 
flow rate 
(l/min) 
Airflow 
resistivity 
(Pa.s/m2) 
Average 
(Pa.s/m2) 
Std. 
deviation 
(Pa.s/m2) 
 
CoV 
(-) 
64 0048 
48 0.18 0.236 7,488 
7,940 1158 0.146 
50 0.20 0.235 8,021 
42 0.14 0.236 6,656 
41 0.20 0.236 9,887 
43 0.15 0.236 6,965 
48 0.23 0.236 9,568 
50 0.17 0.236 6,789 
51 0.23 0.236 9,005 
48 0.18 0.236 7,488 
53 0.20 0.236 7,535 
96 0064 
42 0.78 0.236 37,083 
37,448 624 0.017 
35 0.65 0.236 37,083 
40 0.74 0.236 36,940 
46 0.87 0.236 37,765 
40 0.75 0.236 37,439 
35 0.68 0.236 38,794 
35 0.66 0.236 37,653 
39 0.73 0.236 37,375 
35 0.64 0.236 36,512 
38 0.72 0.236 37,834 
128 0058 
47 2.54 0.236 107,829 
107,102 2349 0.022 
44 2.33 0.236 105,738 
48 2.57 0.236 106,766 
46 2.49 0.236 108,078 
45 2.41 0.236 106,938 
49 2.67 0.235 109,145 
52 2.65 0.236 101,759 
49 2.65 0.236 107,989 
48 2.64 0.236 110,552 
50 2.66 0.236 106,228 
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Table 22. Statistical output from an independent samples test for the ISO and high 
temperature test rigs: Single samples of material ID No.0048 (64 kg/m3). 
Group Statistics 
 
Test rig N 
Mean 
(Pa.s/m2) 
Std. Deviation 
(Pa.s/m2) 
Std. Error Mean 
(Pa.s/m2) 
Airflow resistivity 
(Pa.s/m2) 
ISO rig 10 10303.0 1063.6 336.3 
High temperature test rig 10 7940.2 1158.5 366.3 
 
Independent Samples Test 
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df 
Sig. 
(2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
(Pa.s/m2) 
Equal variances 
assumed 
.267 .611 4.751 18 .000 2362.800 497.331 1317.946 3407.654 
Equal variances 
not assumed 
  
4.751 17.870 .000 2362.800 497.331 1317.401 3408.199 
 
For material ID No. 0064 (96 kg/m3), differences between the ISO 9053 and high temperature 
test rigs for single samples are assessed using an independent samples test for which the SPSS 
output is given in Table 23. Equal variances can be assumed and there is a statistically 
significant difference (p<0.05) between the airflow resistivity of single samples in the ISO test 
rig (M=36,478.9 SD=706.3) and the high temperature test rig (M=37,447.8 SD=624.4). Single 
samples in the high temperature test rig have higher airflow resistivity than in the ISO 9053 
test rig; t (18) = -3.25 p=0.004. 
  
87 
 
Table 23. Statistical output from an independent samples test for the ISO and high 
temperature test rigs: Single samples of material ID No.0064 (96 kg/m3). 
Group Statistics 
 Test rig N Mean (Pa.s/m2) 
Std. Deviation 
(Pa.s/m2) 
Std. Error Mean 
(Pa.s/m2) 
Airflow resistivity 
(Pa.s/m2) 
ISO rig 10 36478.9 706.4 223.4 
High temperature test 
rig 
10 37447.8 624.4 197.5 
 
Independent Samples Test 
 
Levene's Test for 
Equality of Variances 
t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
(Pa.s/m2) 
Equal variances 
assumed 
.244 .627 -3.25 18 .004 -968.900 298.144 -1595.28 -342.522 
Equal variances 
not assumed 
  -3.25 17.733 .005 -968.200 298.144 -1595.96 -341.845 
 
 
For material ID No. 0058 (128 kg/m3), differences between the ISO 9053 and high temperature 
test rigs for single samples are assessed using an independent samples test for which the SPSS 
output is given in   Table 24. Equal variances can be assumed; hence there is a statistically non-
significant difference (p>0.05) between the airflow resistivity of single samples in the ISO test 
rig (M=102,015.7 SD=6709.8) and the high temperature test rig (M=107,102.2 SD=2348.9); t 
(18) = -2.263 p=0.066. 
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  Table 24. Statistical output from an independent samples test for the ISO and high 
temperature test rigs: Single samples of material ID No.0058 (128 kg/m3). 
Group Statistics 
 
Test rig N 
Mean 
(Pa.s/m2) 
Std. Deviation 
(Pa.s/m2) 
Std. Error Mean 
(Pa.s/m2) 
Airflow resistivity 
(Pa.s/m2) 
ISO rig 10 102015.7 6709.8 2121.8 
High temperature test rig 10 107102.2 2348.9 742.8 
 
Independent Samples Test 
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
(Pa.s/m2) 
Equal variances 
assumed 
7.498 .614 -2.263 18 .066 -5086.5 2248.085 -9809.552 -363.448 
Equal variances 
not assumed 
  
-2.263 11.173 .065 -5086.5 2248.085 -10025.16 -147.841 
 
 
The finding that there were significant differences for the lowest density and non-significant 
differences for the highest density could be due to different fixing of the low density samples 
in the test rigs. The ISO test rig is transparent which allows a clear check on the sample position 
and therefore the fitting is expected to be better with this test rig than with the high temperature 
test rig which is opaque. 
 
The airflow resistivity was measured at room temperature using the ISO test rig according to 
ISO 9053-1 [2] (which also satisfies the requirements of ASTM C522 [7]).  Ten samples were 
measured for each of the sixteen different types of material. The measured airflow resistivity 
data are given in Table 25. 
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     Table 25. Airflow resistivity results at room temperature for the ISO test rig. 
Material ID 
No. 
No of samples 
tested 
Average 
thickness (mm) 
Airflow resistivity 
(Pa.s/m2) 
Average 
Std. 
deviation 
CoV (-) 
0048 10 64 8,981 353 0.039 
0050 10 49 82,366 8,709 0.106 
0051 10 46 54,249 1,418 0.026 
0052 10 48 42,765 1,110 0.026 
0053 10 47 36,368 933 0.026 
0054 10 47 28,373 1,657 0.058 
0055 10 43 18,714 1,198 0.064 
0056 10 48 14,397 270 0.019 
0057 10 45 90,692 6,944 0.077 
0058 10 46 102,016 6,710 0.066 
0059 10 50 82,664 4,605 0.056 
0060 10 50 50,211 4,255 0.085 
0061 10 45 48,291 13,237 0.274 
0062 10 48 33,728 2,088 0.062 
0063 10 52 44,366 935 0.021 
0064 10 50 36,479 706 0.019 
 
Double samples 
 
From Section 5.2.2 the differential pressure at high temperatures is lower than at room 
temperature; hence it is expected that instead of a single sample, two samples might need to be 
stacked on top of each other (i.e. a double sample) to give a measurable differential pressure. 
Measurements of double samples at room temperature were carried out for the same three 
densities of material as with the single samples. Results are given in Table 26 and Table 27. 
 
The CoV values for all double samples are lower than the corresponding single samples, 
particularly for the low density material (this is attributed to the mixing of two different samples 
of this more variable material). The lower CoV is beneficial as it allows for a more rigorous 
assessment of any differences between the ISO and high temperature test rigs. 
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        Table 26. Airflow resistivity from the ISO test rig for double samples of AES material at 
room temperature. 
Density 
(kg/m3) 
Material 
ID No. 
Thickness 
(mm) 
Differential 
pressure (Pa) 
Volumetric 
flow rate 
(l/min) 
Airflow 
resistivity 
(Pa.s/m2) 
Average 
(Pa.s/m2)  
Std.  
deviation 
(Pa.s/m2)  
CoV 
(-) 
64 0048 
103 0.55 0.236 10,662 
10,106 331 0.033 
106 0.53 0.236 9,984 
96 0.48 0.236 9,984 
100 0.51 0.236 10,184 
82 0.41 0.236 9,984 
100 0.52 0.236 10,383 
96 0.47 0.236 9,776 
86 0.44 0.236 10,216 
84 0.40 0.236 9,508 
102 0.53 0.236 10,375 
96 0064 
80 1.50 0.236 37,439 
37,312 605 0.016 
75 1.43 0.236 38,072 
80 1.51 0.236 37,689 
77 1.46 0.236 37,861 
82 1.53 0.236 37,257 
80 1.50 0.236 37,439 
85 1.55 0.236 36,412 
82 1.55 0.236 37,744 
80 1.48 0.236 36,940 
87 1.58 0.236 36,263 
128 0058 
90 4.64 0.236 102,945 
103,145 4879 0.047 
96 4.68 0.236 97,343 
86 4.60 0.231 109,116 
90 4.69 0.236 104,054 
87 4.68 0.236 107,413 
85 4.53 0.236 106,416 
100 4.71 0.236 94,048 
95 4.70 0.236 98,788 
87 4.63 0.236 106,265 
88 4.63 0.236 105,057 
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       Table 27. Airflow resistivity from the high temperature test rig for double samples of 
AES material at room temperature. 
Density 
(kg/m3) 
Material 
ID No. 
Thickness 
(mm) 
Differential 
pressure (Pa) 
Volumetric 
flow rate 
(l/min) 
Airflow 
resistivity 
(Pa.s/m2) 
Average 
(Pa.s/m2) 
Std. 
deviation 
(Pa.s/m2) 
 
CoV 
(-) 
64 0048 
90 0.48 0.236 10,649 
9,961 581 0.059 
88 0.43 0.236 9,757 
92 0.44 0.236 9,550 
90 0.47 0.236 10,428 
86 0.42 0.236 9,752 
87 0.46 0.236 10,558 
85 0.41 0.236 9,631 
83 0.40 0.236 9,623 
84 0.45 0.236 10,697 
98 0.44 0.236 8,965 
96 0064 
79 1.49 0.236 37,661 
37,766 394 0.010 
74 1.41 0.236 38,047 
80 1.49 0.236 37,190 
77 1.45 0.236 37,602 
80 1.50 0.236 37,439 
79 1.48 0.236 37,408 
79 1.52 0.236 38,419 
80 1.53 0.236 38,188 
78 1.47 0.236 37,631 
75 1.43 0.236 38,072 
128 0058 
87 4.61 0.236 105,806 
105,284 1948 0.0185 
88 4.65 0.236 105,511 
90 4.80 0.236 106,494 
92 4.87 0.236 105,699 
85 4.55 0.236 106,886 
98 4.92 0.236 100,246 
100 5.20 0.236 103,832 
93 4.94 0.236 106,065 
87 4.63 0.236 106,265 
87 4.62 0.236 106,035 
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For material ID No. 0048 (64 kg/m3), differences between the ISO and high temperature test 
rigs for double samples are assessed using an independent samples test for which the SPSS 
output is given in Table 28. Equal variances can be assumed and hence there is a statistically 
non-significant difference at the significance level of 0.05 for airflow resistivity of double 
samples in the ISO test rig (M=10,105.6 SD=331.2) and for double samples in the high 
temperature test rig (M=9,961.0 SD=583.0); t (18) = 0.682, p=0.504. 
 
             Table 28. Statistical output from an independent samples test for the ISO and high 
temperature test rigs: Material ID No.0048 (64 kg/m3). 
Group Statistics 
 Test rig N Mean 
(Pa.s/m2) 
Std. Deviation 
(Pa.s/m2) 
Std. Error 
Mean 
(Pa.s/m2) 
Airflow resistivity 
(Pa.s/m2) 
ISO test rig 10 10105.6 331.3 104.8 
High temperature test rig 10 9961.0 583.0 184.4 
 
 
Independent Samples Test 
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
(Pa.s/m2) 
Equal variances 
assumed 
5.704 .068 0.682 18 .504 -144.600 212.040 -300.879 590.079 
Equal variances 
not assumed 
  
0.682 14.263 .506 -144.600 212.040 -309.396 598.596 
 
 
For material ID No. 0064 (96 kg/m3), differences between the ISO and high temperature test 
rigs for double samples are assessed using an independent samples test for which the SPSS 
output is given in Table 29. Equal variances can be assumed and hence there is a statistically 
non-significant difference at the significance level of 0.05 for airflow resistivity of double 
samples in the ISO rig (M=37,311.6 SD=604.8) and airflow resistivity of double samples in 
high temperature test rig (M=37,765.7 SD=394.4); t (18) = -1.99 p=0.062. 
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      Table 29. Statistical output from an independent samples test for the ISO and high 
temperature test rigs: Material ID No.0064 (96 kg/m3) 
Group Statistics 
 
Orientation N 
Mean 
(Pa.s/m2) 
Std. Deviation 
(Pa.s/m2) 
Std. Error Mean 
(Pa.s/m2) 
Airflow resistivity 
(Pa.s/m2) 
ISO test rig 10 37311.6 604.8 191.2 
High 
temperature 
test rig 
10 37765.7 394.4 124.7 
 
Independent Samples Test 
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
Equal variances 
assumed 
1.369 .257 -1.99 18 .062 -454.100 228.325 -933.794 25.594 
Equal variances 
not assumed 
  
-1.99 15.483 .065 -454.100 228.325 -939.445 31.245 
 
For material ID No. 0058 (128 kg/m3), differences between the ISO and high temperature test 
rigs for double samples are assessed using an independent samples test for which the SPSS 
output is given in Table 30. Equal variances can be assumed and hence there is a statistically 
non-significant difference at the significance level of 0.05 for airflow resistivity of double 
samples in ISO test rig (M=103,144.5 SD=4878.8) and airflow resistivity of double samples in 
high temperature test rig (M=105,283.9 SD=1948.0); t (18) = -1.29 p=0.21. 
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            Table 30. Statistical output from an independent samples test for the ISO and high 
temperature test rigs: Material ID No.0058 (128 kg/m3). 
Group Statistics 
 
Rig N 
Mean 
(Pa.s/m2) 
Std. Deviation 
(Pa.s/m2) 
Std. Error Mean 
(Pa.s/m2) 
Airflow resistivity 
(Pa.s/m2) 
ISO test rig 10 103144.5 4878.8 1542.8 
High temperature test rig 10 105283.9 1948.0 616.0 
 
Independent Samples Test 
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
(Pa.s/m2) 
Equal variances 
assumed 
7.549 .213 -1.29 18 .214 -2139.4 1661.256 -5629.57 1350.77 
Equal variances 
not assumed 
  
-1.29 11.799 .222 -2139.4 1661.256 -5765.83 1487.03 
 
These statistical tests show that for double samples, there is no significant difference between 
the two test rigs. This is a more reliable conclusion than with single samples because the CoV 
values are lower with double samples.  
Thickness of single and double samples 
 
The next consideration is whether the use of double samples leads to increased compression of 
the material inside the test rigs than with single samples. Compression of fibrous materials 
means that the airflow resistivity is related to the material density inside the test rig rather than 
the density quoted by the manufacturer. This makes it important to measure the thickness of 
the sample when fitted inside the test rig as this thickness is needed to calculate airflow 
resistivity. 
 
The difference between the thickness of single samples and the equivalent single sample 
thickness (i.e. the double sample thickness divided by two) are assessed using an independent 
samples test for each test rig which the SPSS output is given in Table 31 and  Table 32. Equal 
variance can be assumed and hence there is a statistically significant difference (p<0.05) 
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between the thickness of single samples in both ISO rig (M=49.56 SD=3.24) and high 
temperature test rig (M=43.45 SD=4.34)  and equivalent single sample thickness when both 
ISO rigs have double samples (M=40.40 SD=1.74) and high temperature rig have double 
samples (M=40.92 SD=1.02); t (18) = 7.88 p=0.000 , t (18) = 3.59 p=0.002 (p<0.05).  This 
statistical test indicates that with double samples, the material is more compressed than when 
single samples are used.  
 
        Table 31. Statistical output from an independent samples test for the thickness of single 
samples and the equivalent single sample thickness from double samples - ISO test rig. 
Group Statistics 
 
Sample type N Mean (mm) 
Std. Deviation 
(mm) 
Std. Error 
Mean(mm) 
Thickness 
(mm) 
Single 30 49.56 3.24 1.02 
Double 30 40.40 1.74 0.55 
 
Independent Samples Test  
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Thickness 
(mm) 
Equal variances 
assumed 
.906 .354 7.880 18 .000 9.1600 1.1625 6.7177 11.6023 
Equal variances 
not assumed 
  
7.880 13.826 .000 9.1600 1.1625 6.6638 11.6562 
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     Table 32. Statistical output from an independent samples test for the thickness of single 
samples and the equivalent single sample thickness from double samples - high temperature 
test rig. 
Group Statistics 
 
Sample type N Mean (mm) 
Std. Deviation 
(mm) 
Std. Error 
Mean(mm) 
Thickness 
(mm) 
Single 30 43.55 4.34 1.31 
Double 30 40.92 1.02 0.29 
 
Independent Samples Test  
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Thickness 
(mm) 
Equal variances 
assumed 
40.717 .000 3.592 18 .002 4.6288 1.2887 1.9489 7.3087 
Equal variances 
not assumed 
  
3.448 11.008 .005 4.6288 1.3425 1.6743 7.5832 
 
Comparison of airflow resistivity from single and double samples in each test rig  
 
In theory, the airflow resistivity measured for single and double samples should be the same if 
the fitting, and any compression of the samples inside the sample holder is identical. However, 
as there was evidence of compression when fitting double samples the following analysis 
compares the average airflow resistivity from single samples with double samples that were all 
taken from the same material code/batch. This assessment was carried out for both the ISO and 
high temperature test rigs. 
 
For the ISO test rig 
 
For material ID No.0048 (64 kg/m3) differences between single and double samples in the 
ISO test rig are assessed using an independent samples test for which the SPSS output is given 
in Table 33. Equal variances cannot be assumed and there is a statistically non-significant 
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difference (p=0.05) for airflow resistivity of single samples (M=10,373.0 SD=983.5) and 
airflow resistivity of double samples (M=10105.6 SD=331.3) indicating both single and double 
samples inside the ISO test rig have approximately similar airflow resistivity; t (18) = -0.815 
p=0.432. 
 
For material ID No: 0064 (96 kg/m3) differences between single and double samples in the 
ISO test rig are assessed using an independent samples test for which the SPSS output is given 
in Table 34. Equal variances can be assumed and there is a statistically significant difference 
(p=0.05) for airflow resistivity of single samples (M=36,478.9 SD=706.4) and airflow 
resistivity of double samples (M= 37,311.6 SD=604.8); t (18) = -2.83 p=0.01. 
 
For material ID No.0058 (128 kg/m3) differences between single and double samples in the 
ISO test rig are assessed using an independent samples test for which the SPSS output is given 
in Table 35. Equal variances can be assumed and there is a statistically non-significant 
difference (p=0.05) for airflow resistivity of single samples (M=102,015.7 SD=6709.8) and of 
double samples (M=103,144.5 SD=4878.8); t (18) =-0.43 p=0.67. 
 
In conclusion for the ISO test rig, there is a statistically significant difference in the airflow 
resistivity between single and double samples of the 96 kg/m3 material but not for the 64 and 
128 kg/m3 materials. 
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     Table 33. Statistical output from an independent samples test for single and double 
samples in the ISO test rig: Material ID No.0048 (64 kg/m3). 
Group Statistics 
 
Sample type N 
Mean 
(Pa.s/m2) 
Std. Deviation 
(Pa.s/m2) 
Std. Error Mean 
(Pa.s/m2) 
Airflow resistivity 
(Pa.s/m2) 
Single 10 10373.0 983.5 311.0 
Double 10 10105.6 331.3 104.8 
 
Independent Samples Test 
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
(Pa.s/m2) 
Equal variances 
assumed 
5.434 .032 0.815 18 .426 267.400 328.166 -422.050 956.850 
Equal variances 
not assumed 
  
0.815 11.01 .432 267.400 328.166 -454.758 989.558 
 
 
          Table 34. Statistical output from an independent samples test for single and double 
samples in the ISO test rig: Material ID No.0064 (96 kg/m3). 
Group Statistics 
 
Sample type N 
Mean 
(Pa.s/m2) 
Std. Deviation 
(Pa.s/m2) 
Std. Error Mean 
(Pa.s/m2) 
Airflow resistivity 
(Pa.s/m2) 
Single 10 36478.9 706.4 223.4 
Double 10 37311.6 604.8 191.2 
 
Independent Samples Test 
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
(Pa.s/m2) 
Equal variances 
assumed 
0.155 .698 -2.83 18 .011 -832.700 294.065 -1450.507 -214.893 
Equal variances 
not assumed 
  
-2.83 17.583 .011 -832.700 294.065 -1451.560 -213.840 
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         Table 35. Statistical output from an independent samples test for single and double 
samples in the ISO test rig: Material ID No.0058 (128 kg/m3). 
Group Statistics 
 
Sample type N 
Mean 
(Pa.s/m2) 
Std. Deviation 
(Pa.s/m2) 
Std. Error Mean 
(Pa.s/m2) 
Airflow resistivity 
(Pa.s/m2) 
Single 10 102015.7 6709.8 2121.8 
Double 10 103144.5 4878.8 1542.8 
 
Independent Samples Test 
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
Equal variances 
assumed 
0.816 .378 -0.43 18 .672 -1128.80 2623.442 -6640.448 4382.848 
Equal variances 
not assumed 
  
-0.43 16.438 .673 -1128.80 2623.442 -6678.240 4420.640 
 
 
For the high temperature test rig: 
 
For material ID No: 0048 (64 kg/m3) differences between single and double samples in the 
high temperature test rig at room temperature are assessed using an independent samples test 
for which the SPSS output is given in Table 36. Equal variances can be assumed and there is a 
statistically significant difference (p=0.05) for airflow resistivity of single samples (M=7,940.2 
SD=1158.4) and of double samples (M=10105.6 SD=331.3); t (18) = -5.68 p=0.00. 
 
For material ID No: 0064 (96 kg/m3) differences between single and double samples in the 
high temperature test rig at room temperature are assessed using an independent samples test 
for which the SPSS output is given in Table 37. Equal variances can be assumed and there is a 
statistically non-significant difference (p=0.05) for airflow resistivity of single samples 
(M=37,447.8 SD=624.4) and of double samples in the high temperature test rig (M= 37,765.7 
SD=394.4; t (18) = -1.36 p=0.19. 
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For material ID No: 0058 (128 kg/m3) differences between single and double samples in the 
high temperature test rig at room temperature are assessed using an independent samples test 
for which the SPSS output is given in Table 38. Equal variances can be assumed and there is a 
statistically non-significant difference (p=0.05) for airflow resistivity of single samples 
(M=107,102.2 SD=2348.9) and of double samples (M=105,283.9 SD=1948.0; t (18) =1.88 
p=0.08. 
 
For the high temperature test rig, there is a statistically significant difference in the airflow 
resistivity between single and double samples of the 64 and 128 kg/m3 materials but not the 
96 kg/m3 material. These results are opposite to the ISO rig which indicates an effect due to 
the different fitting of the samples in the two test rigs. The commercial implication is that when 
measurements are made using double (or more) stacks of samples, the measured airflow 
resistivity will not always correspond to the thickness of the product which is sold and installed. 
Since different fitting of samples in the two test rigs causes a statistically significance 
difference in the airflow resistivity of samples in the two test rigs, it is recommended to 
fabricate future high temperature test rigs using a material which is transparent. However 
fabrication costs for material such as quartz will often be prohibitive.  
 
     Table 36. Statistical output from an independent samples test for single and double 
samples in high temperature test rig: Material ID No.0048 (64 kg/m3). 
Group Statistics 
 
Sample type N 
Mean 
(Pa.s/m2) 
Std. Deviation 
(Pa.s/m2) 
Std. Error Mean 
(Pa.s/m2) 
Airflow resistivity 
(Pa.s/m2) 
Single 10 7940.2 1158.5 366.3 
Double 10 10105.6 331.3 104.8 
 
Independent Samples Test 
 
Levene's Test for Equality 
of Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
Equal 
variances 
assumed 
12.135 .003 -5.683 18 .000 -2165.400 381.026 -
2965.91 
-1364.895 
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Equal 
variances not 
assumed 
  
-5.683 10.462 .000 -2165.400 381.026 -
3009.33 
-1321.475 
   
 
       Table 37. Statistical output from an independent samples test for single and double 
samples in the high temperature test rig: Material ID No.0064 (96 kg/m3). 
Group Statistics 
 
Sample type N 
Mean 
(Pa.s/m2) 
Std. Deviation 
(Pa.s/m2) 
Std. Error Mean 
(Pa.s/m2) 
Airflow 
resistivity 
(Pa.s/m2) 
Single 10 37447.8 624.4 197.5 
Double 10 37765.7 394.4 124.7 
 
Independent Samples Test 
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
(Pa.s/m2) 
Equal variances 
assumed 
0.712 .410 -1.361 18 .190 -317.900 233.556 -808.583 172.783 
Equal variances 
not assumed 
  
-1.361 15.195 .190 -317.900 233.556 -815.156 179.356 
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     Table 38. Statistical output from an independent samples test for single and double 
samples in the high temperature test rig: Material ID No.0058 (128 kg/m3). 
Group Statistics 
 
Sample type N 
Mean 
(Pa.s/m2) 
Std. Deviation 
(Pa.s/m2) 
Std. Error Mean 
(Pa.s/m2) 
Airflow resistivity 
(Pa.s/m2) 
Single 10 107102.2 2348.9 742.8 
Double 10 105283.9 1948.0 616.0 
 
Independent Samples Test 
 
Levene's Test for 
Equality of Variances t-test for Equality of Means 
F Sig. t df Sig. (2-tailed) 
Mean 
Difference 
Std. Error 
Difference 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Airflow 
resistivity 
(Pa.s/m2) 
Equal 
variances 
assumed 
12.135 .003 -5.683 18 .000 -2165.400 381.026 -
2965.91 
-1364.895 
Equal 
variances not 
assumed 
  
-5.683 10.462 .000 -2165.400 381.026 -
3009.33 
-1321.475 
 
 
5.1.4 Regression analysis for different density materials 
 
In Chapter 3, a review of the literature indicated that it is possible to use regression analysis to 
give relationships between airflow resistivity and bulk density by taking the logarithm of both 
parameters. This section assess the regression curves from the two test rigs for which linear 
regression using the three densities of material (64, 96, 128 kg/m3). As noted there are 
differences between single and double samples which gives a reason to carry out two different 
regression analyses. The first considers only single samples to give regression lines that 
correspond to the manufactured thickness. The second considers both single and double 
samples to give the best estimate of a relationship between airflow resistivity and bulk density 
that could apply to any thickness of material. 
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5.1.4.1 Single samples 
 
For single samples the straight-line regression coefficients are shown in Table 39. These 
regression lines are plotted along with the individual data points in Figure 43.  
 
    Table 39. Regression coefficients for single samples in the ISO and high temperature test 
rigs at room temperature.  
Test rig No of 
Samples 
Gradient  Intercept Coefficient of 
determination, R2 
Standard 
error 
ISO 30 3.36895 -2.08043 0.9975 0.0210 
High temperature 30 3.526 -2.41167 0.9941 0.0371 
 
 
 
Figure 43. Relationship between airflow resistivity of single samples and bulk density at 
room temperature: Regression plots for the ISO test rig (blue) and the high temperature test 
rig (red). 
 
To assess whether there is a statistically significant difference between the regression lines 
from the two test rigs, the following analysis of variance considers the combination of data 
from both test rigs. For this combination of test rigs, this gives the following regression 
equation with an R2 of 0.995: 
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log10(r) =-2.41167+3.526 log10(𝜌bulk) +0.331241(Rig)-0.157048*log10(𝜌bulk)*(Rig) 
                                                                (72) 
 
 
where Rig is an indicator variable which takes the value 1 if it is the ISO test rig and 0 if it is 
the high temperature test rig. 
 
The results of a one-way analysis of variance on these two linear regression models are shown 
in  Table 40 by considering intercepts (F (1, 3) =8.94, p<0.05) and gradients (F (1, 3) =6.46, 
p<0.05). This shows that there is a statistically significant difference (p=0.05) between the 
intercepts and gradients for the two different types of rigs.  It is therefore concluded that the 
airflow resistivity at room temperature depends on the rig type.  
 
     Table 40. Relationship between airflow resistivity of single samples and bulk density at 
room temperature: ANOVA for regression variables in the order fitted 
Source Sum of squares Degrees 
of 
freedom 
Mean square  F-ratio p value 
log10(𝜌bulk) 11.4678 1 11.4678 12612.73 0.0000 
Intercepts 0.0081328 1 0.0081328 8.94 0.0041 
Slopes 0.00587577 1 0.00587577 6.46 0.0138 
Model 11.4819 3    
 
To try and gain more insight into the influence of the test rig, two different types of regression 
models were considered:  
 
Model 1 considered the effect of the test rig as an addition effect only, i.e. 
log10(r) ~ log10 (𝜌bulk) + Rig  
 
Model 2 considered the effect of the test rig as an addition and interaction effect, i.e. 
log10(r) ~ log10 (𝜌bulk) * Rig 
 
 
105 
 
For Model 1 the regression analysis gives the following: 
 
log10(r) =-2.27155+3.45451*log10 (𝜌bulk) +0.02329*(Rig) 
 
Parameter Estimated 
values 
Standard 
error 
T 
Statistic 
p value 
Constant -2.27155 0.06339 -35.835 0.0000 
log10(𝜌bulk) 3.45451 0.03220 107.265 0.0000 
Rig 0.02329 0.00815 2.857 0.00596 
 
R2 = 99.51% 
R2 (adjusted for degrees of freedom) = 99.49% 
Residual standard error of estimate =0.03157 
 
For Model 2 the regression analysis gives the following: 
 
log10(r) =-2.41167+3.52600*log10 (𝜌bulk) +0.33124*(Rig) - 0.15705*log10 (𝜌bulk)*(Rig) 
 
Parameter Estimated 
values 
Standard 
error 
T 
Statistic 
p value 
Constant -2.41167 0.08188 -29.452 0.00000 
log10(𝜌bulk)  3.52600 0.04168  84.594 0.00000 
Rig  0.33124 0.12139    2.729 0.00848 
log10(𝜌bulk)*Rig -0.15705 0.06178   -2.542 0.01381 
 
R2 = 99.56% 
R2 (adjusted for D.F.) = 99.53% 
Residual standard error = 0.03015 
 
 
Null Hypothesis: Model 1 is statistically better than Model 2. 
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Table 41. Likelihood ratio test results. 
Model 1: log10(Output) ~ log10(𝜌bulk) + Rig 
 
Model 2 : log10(Output) ~ log10(𝜌bulk) * Rig 
 
Model  Degrees 
of 
freedom 
Log likelihood Degrees of 
freedom 
Chi square 
value 
Pr(>chi square 
value) 
1 4 123.75    
2 5 127.02 1 6.5528 0.01047 
 
The likelihood ratio test was conducted for two nested regression models based on the null 
hypothesis that Model 1 is statistically better fitted than Model 2. The test is based on the ratio 
of the likelihoods of the two models. The ratio expresses how many times more likely the data 
are under one model than the other. This likelihood ratio can be used to compute a p-value, or 
compared to a critical value to decide whether to reject the null model.  Since there is a 
statistically significant difference (p<0.05), the null hypothesis is rejected  by the likelihood 
ratio test’s results which indicates that Model 2 is better fitted than Model 1, i.e. the effect of 
the test rig is a multiplicative variable.   
 
5.1.4.2 Combination of single and double samples 
 
For the combination of single and double samples the straight-line regression coefficients are 
shown in Figure 44. These regression lines are plotted along with the individual data points in 
Table 42. 
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Table 42. Regression coefficients for single and double samples in the ISO and high 
temperature test rigs at room temperature. 
Test rig No of 
Samples 
Gradient  Intercept Coefficient of 
determination, R2 
Standard 
error 
ISO 60 3.43456 -2.21386 0.9959 0.0265 
High temperature 60 3.40916 -2.16585 0.9945 0.0475 
 
 
Figure 44. Relationship between airflow resistivity of single and double samples and bulk 
density at room temperature: Regression plots for the ISO test rig (blue) and the high 
temperature test rig (red). 
 
To assess whether there is a statistically significant difference between the regression lines 
from the two test rigs, the following analysis of variance considers the combination of data 
from both test rigs. For this combination of test rigs, this gives the following regression 
equation with an R2 of 0.992: 
 
log10(r) =-2.16585+3.40916 log10(𝜌bulk) -0.0480106(Rig)+0.0254*log10(𝜌bulk)*(Rig) 
                                                                                                                                                            (73). 
 
where Rig is an indicator variable which takes the value 1 if it is the ISO test rig and 0 if it is 
the high temperature test rig 
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The results of a one-way analysis of variance on these two linear regression models are shown 
in Table 49 by considering intercepts (F (1, 3) =0.07, p>0.05) and gradients (F (1, 3) =0.20, 
p>0.05). This shows that there is a statistically non-significant difference (p=0.05) between the 
intercepts and gradients for the two different types of rigs.  It is therefore concluded that the 
room temperature airflow resistivity for single and double samples does not depend on the rig 
type.  
 
Table 43. Relationship between airflow resistivity of single and double samples and bulk 
density at room temperature: ANOVA for regression variables in the order fitted. 
Source Sum of squares Degrees 
of 
freedom 
Mean square  F-ratio p value 
log10(𝜌bulk) 21.7752 1 21.7752 14678.65 0.0000 
Intercepts 0.0000985115 1 0.0000985115 0.07 0.7971 
Slopes 0.000297907 1 0.000297907 0.20 0.6549 
Model 21.7756 3    
 
To gain more insight into the influence of the test rig, two different types of regression models 
were considered:  
 
Model 1 considered the effect of the test rig as an addition effect only, i.e. 
log10(r) ~ log10 (𝜌bulk) + Rig  
 
Model 2 considered the effect of the test rig as an addition and interaction effect, i.e. 
log10(r) ~ log10 (𝜌bulk) * Rig 
 
For Model 1 the regression analysis gives the following: 
 
log10(r) =-2.188653+3.420795*log10 (𝜌bulk) +0.001812*(Rig) 
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Table 44. Likelihood ratio test results 
Parameter Estimated 
values 
Standard 
error 
T 
Statistic 
p value 
Constant -2.188653 0.055378 -39.522 0.0000 
log10(𝜌bulk) 3.420795 0.028141 121.558 0.0000 
Rig 0.00182 0.007009 0.259 0.796 
 
R2 = 99.21% 
R2 (adjusted for degrees of freedom) = 99.20% 
Residual standard error of estimate =0.03838 
 
For Model 2 the regression analysis gives the following: 
 
log10(r) =-2.16585+3.40916*log10 (𝜌bulk) -0.04801*(Rig) - 0.02540*log10 (𝜌bulk)*(Rig) 
 
Table 45. Likelihood ratio test results 
Parameter Estimated 
values 
Standard 
error 
T 
Statistic 
p value 
Constant -2.16585 0.07535 -28.744 0.00000 
log10(𝜌bulk) 3.40916 0.03836 88.871 0.00000 
Rig -0.04801 0.11140 -0.431 0.667 
log10(𝜌bulk)*Rig -0.02540 0.05667 0.448 0.655 
 
R2 = 99.22% 
R2 (adjusted for D.F.) = 99.2% 
Residual standard error = 0.03852 
 
Null Hypothesis: Model 1 is statistically better than Model 2. 
 
Model 1: log10(Output) ~ log10(𝜌bulk) + Rig 
 
Model 2 : log10(Output) ~ log10(𝜌bulk) * Rig 
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Model  Degrees 
of 
freedom 
Log likelihood Degrees of 
freedom 
Chi square 
value 
Pr(>chi square 
value) 
1 4 222.46    
2 5 222.56 1 0.2076 0.6487 
 
The likelihood ratio test was conducted for two nested regression models based on the null 
hypothesis that Model 1 is statistically better fitted than Model 2. Since there is a non-
statistically significant difference (p=0.05), the null hypothesis is accepted by the likelihood 
ratio test’s results which indicates that Model 1 is better fitted than Model 2, i.e. the effect of 
the test rig is an additive variable.   
 
In conclusion, it is reasonable to conclude that the room temperature airflow resistivity does 
not depend on the rig type (even though the statistical tests for single samples indicated this) 
because the combined dataset for single and double samples is larger and potentially more 
reliable. 
 
5.1.5 Effect of airflow velocity on the specific airflow resistance of double samples 
 
Specific airflow resistance measurements were carried out for four different airflow velocities 
(0.5  10-3 m/s, 1  10-3 m/s, 2  10-3 m/s and 4  10-3 m/s – these correspond to the sound 
pressure levels indicated in Table 1). Three different density materials were measured and the 
results are shown in Table 46 and Figure 45. 
 
    Table 46. Specific airflow resistance values for different airflow velocities at room 
temperature. 
Mass (g) Specific airflow resistance values for different airflow velocities 
(Pa.s/m) 
0.5 × 10−3  m/s 1 × 10−3 m/s 2 × 10−3 m/s 4 × 10−3 m/s 
22.12 799 800 800 799 
24.21 859 880 870 855 
29.57 2995 2941 2906 2922 
30.86 3015 3122 3027 2892 
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30.87 3095 3012 3047 3195 
47.61 9505 9525 9575 9570 
48.32 9604 9645 9665 9650 
 
As shown in Figure 45 , the specific airflow resistance at room temperature for four different 
airflow velocities is proportional to the sample mass and the four regression lines are nominally 
identical.  
 
A one-way analysis of variance (ANOVA) with Tukey’s post –hoc test was conducted on all 
specific airflow resistance values for four different airflow velocities – See  Table 47. Tukey’s 
post hoc-test can use to determine which groups among the sample have significant differences. 
It calculates the difference between the means of all the groups and test values are number 
which acts as a distance between the groups. Tukey’s post-hoc test works by defining a value 
known as Honest Significant Difference (HSD) [104]. Considering the results from four airflow 
velocities, it can be concluded that there is no significant difference between the specific 
airflow resistance values.  
 
                   Table 47. Statistical test results on comparison of specific airflow resistance at 
room temperature for four different airflow velocities. 
Specific airflow resistance (Pa.s/m)   
Airflow 
velocities 
(m/s) N 
Mean 
(Pa.s/m) 
Std. 
Deviation 
(Pa.s/m) 
Std. Error 
(Pa.s/m) 
95% Confidence Interval for 
Mean (Pa.s/m) 
Minimum
(Pa.s/m) 
Maximum 
(Pa.s/m) Lower Bound Upper Bound 
0.5E-3 m/s 7 4267.4286 3744.34622 1415.22985 804.4859 7730.3713 799.00 9604.00 
1E-3 m/s 7 4275.0000 3757.33026 1420.13735 800.0491 7749.9509 800.00 9645.00 
2 E-3 m/s 7 4270.0000 3780.45906 1428.87921 773.6585 7766.3415 800.00 9665.00 
4E-3 m/s 7 4269.0000 3777.47870 1427.75275 775.4149 7762.5851 799.00 9650.00 
Total 28 4270.3571 3549.61384 670.81396 2893.9606 5646.7537 799.00 9665.00 
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ANOVA 
Specific airflow resistance (Pa.s/m)   
 Sum of Squares df Mean Square F Sig. 
Between Groups 224.714 3 74.905 .000 1.000 
Within Groups 340193251.714 24 14174718.821   
Total 340193476.429 27    
 
 
Multiple Comparisons 
Dependent Variable:   Specific airflow resistance (Pa.s/m) 
Tukey HSD   
(I) airflow velocities 
(m/s) 
(J) airflow velocities 
(m/s) 
Mean 
Difference (I-
J)  Std. Error Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
0.5E-3 1E-3 -7.57143 2012.44122 1.000 -5559.1098 5543.9669 
2 E-3 -2.57143 2012.44122 1.000 -5554.1098 5548.9669 
4E-3 -1.57143 2012.44122 1.000 -5553.1098 5549.9669 
1E-3 0.5E-3 7.57143 2012.44122 1.000 -5543.9669 5559.1098 
2 E-3 5.00000 2012.44122 1.000 -5546.5384 5556.5384 
4E-3 6.00000 2012.44122 1.000 -5545.5384 5557.5384 
2E-3 0.5E-3 2.57143 2012.44122 1.000 -5548.9669 5554.1098 
1E-3 -5.00000 2012.44122 1.000 -5556.5384 5546.5384 
4E-3 1.00000 2012.44122 1.000 -5550.5384 5552.5384 
4E-3 0.5E-3 1.57143 2012.44122 1.000 -5549.9669 5553.1098 
1E-3 -6.00000 2012.44122 1.000 -5557.5384 5545.5384 
2 E-3 -1.00000 2012.44122 1.000 -5552.5384 5550.5384 
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Figure 45. Specific airflow resistance at room temperature for four different airflow velocities. 
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5.2    High temperature measurements 
 
High temperature experiments were conducted for three types of material samples (material ID 
Nos. 0048, 0064 and 0058) corresponding to three different densities of 64, 96 and 128 kg/m3. 
All the test results at high temperature used double samples to ensure a measurable differential 
pressure.  
 
5.2.1 Change in material thickness at high temperature 
 
During initial experiments it was observed that the measured thickness of the material was 
different before and after exposure to high temperatures; hence, the airflow resistivity was 
calculated using the initial thickness at room temperature. In order to make sure that it was not 
the test rig that caused the thickness reduction, experiments were conducted under the same 
experimental condition as the actual high temperature experiments except without an air supply 
connected to the test rig. Inside the kiln, two separate sets of double samples were considered, 
one inside and one outside the test rig. Both sets were heated together up to 800 ℃ with a ramp 
rate of 100 ℃. Initial experiments were conducted up to 600 ℃ and no significant thickness 
change occurred. However, it was observed that a reduction in thickness occurred above 
700 ℃. The thickness of 96 and 128 kg/m3 samples were measured and shown in Table 48. 
 
These results indicate that the double sample thickness is reduced after heating to 800 ℃ when 
inside and outside the test rig; hence this effect is not caused by the containment of the material 
inside the test rig. 
 
According to the literature [105, 106], alkaline earth silicate is almost amorphous at the room 
temperature but the material undergoes crystallisation and shrinkage with increasing 
temperature. Crystallisation is expected to start around 900 ℃ but the properties start to change 
between 750 and 800 ℃ [105]. The thickness reduction is likely to occur due to the 
compression of the material atoms before the crystallisation.  
 
When there is an unknown reduction in thickness at high temperature it is not appropriate to 
quote the airflow resistivity as the calculation requires knowledge of the thickness. Therefore 
when the thickness is unknown it is appropriate to calculate the specific airflow resistance 
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instead. The results in section 5.2.3 are included for both the specific airflow resistance and 
airflow resistivity as it seems feasible to continue quoting the airflow resistivity up to 600 ℃. 
However, in sections 5.2.4 and 1.1 where trends are assessed across the range of temperatures 
it will be necessary to use only one parameter, the specific airflow resistance. 
 
      Table 48. Change in thickness of the double samples when heated in the kiln to 800 ℃. 
Material ID No. 0064 (96 kg/m3) 
Materials outside the test rig 
Thickness before heating 96.5 mm 
Thickness after heating 88.7 mm 
Percentage change in thickness (%) 8.1 
 
Materials inside the test rig 
Thickness before heating 98.1 mm 
Thickness after heating 95.3 mm 
Percentage change in thickness (%) 2.9 
 
Material ID No. 0058 (128 kg/m3) 
Materials outside the test rig 
Thickness before heating 104.9 mm 
Thickness after heating 87.0 mm 
Percentage change in thickness (%) 17.1 
Materials inside the test rig 
Thickness before heating 106.0 mm 
Thickness after heating 87.0 mm 
Percentage change in thickness (%) 17.9 
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5.2.2 Differential pressure variation at high temperature 
 
Above 600 ℃ there was not only a reduction in sample thickness but also a reduction in the 
differential pressure. In section 4.7, it was shown that it was necessary to correct the differential 
pressure; both the uncorrected and corrected results are given in Table 49 for the high 
temperature test rig with packing inside the preheater. However, as it is only the corrected 
differential pressure that is used to calculate the airflow resistivity, it is only these values that 
are plotted on Figure 46 for the high temperature test rig with packing inside the preheater.  
 
For material ID Nos.0048, 0064 and 0058, from 20 to ≈600 ℃ the results indicate a general 
increase in the corrected differential pressure with increasing temperature up to 600 - 700 ℃ 
where there is a peak above which there is a reduction in the corrected differential pressure.  
 
      Table 49. Differential pressure variation of double samples in the high temperature test 
rig with packing. 
Material ID No. Thickness (mm) Differential 
pressure (Pa) 
Corrected 
differential 
pressure (Pa) 
Temperature (℃) 
0048 90 
0.40 0.40 20 
0.47 0.60 100 
0.56 0.90 200 
0.68 1.33 300 
0.73 1.67 400 
0.86 2.26 500 
0.90 2.67 600 
0.58 1.93 700 
0.05 0.18 800 
0048 100 
0.43 0.43 20 
0.45 0.57 100 
0.55 0.89 200 
0.60 1.17 300 
0.68 1.56 400 
0.70 1.84 500 
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0.81 2.41 600 
0.50 1.66 700 
0.04 0.15 800 
0064 82 
1.55 1.55 23 
1.62 2.04 100 
1.65 2.64 200 
1.68 3.26 300 
1.70 3.86 400 
1.92 5.01 500 
1.94 5.53 571.4 
1.92 5.51 576 
1.85 5.46 600 
1.67 5.24 657.4 
1.55 5.10 700 
1.10 3.99 800 
0064 80 
1.51 1.51 21.8 
1.55 1.97 100 
1.62 2.60 200 
1.68 3.26 300 
1.88 4.29 400 
2.19 5.74 500 
2.28 6.45 562 
2.28 6.75 600 
1.84 6.07 700 
1.02 3.71 800 
0064 80 
1.50 1.50 21.3 
1.54 1.96 100 
1.62 2.61 200 
1.65 3.22 300 
1.96 4.49 400 
2.21 5.81 500 
2.30 6.53 563 
2.26 6.71 600 
1.87 6.19 700 
1.08 3.94 800 
0058 100 
4.76 4.76 15.6 
4.90 6.32 100 
6.35 10.41 200 
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8.28 16.48 300 
9.78 22.79 400 
10.64 28.52 500 
12.33 37.24 600 
11.21 32.15 700 
10.54 30.18 716 
5.83 24.80 800 
0058 96 
4.81 4.81 18.1 
4.96 6.35 100 
6.23 10.09 200 
7.51 14.79 300 
9.84 22.73 400 
10.78 28.67 500 
12.41 37.23 600 
11.22 32.28 700 
10.67 30.11 708 
5.23 24.22 800 
 
 
Figure 46. Corrected differential pressure variation for double samples of AES material. 
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5.2.3 Specific airflow resistance and airflow resistivity of double samples at specific 
temperatures 
 
Since the differential pressure values were measured at room temperature, the pressure values 
were corrected based on the temperature ratio of high temperature to room temperature. The 
calculated and corrected values of specific airflow resistance and airflow resistivity (based on 
the initial thickness in the test rig at room temperature) are given in Table 50 for double samples 
of the three material densities (other measured data is in Appendix E). 
 
Measurements were taken on two sets of double samples of material ID Nos. 0048, 0064 and 
0058. 
 
Table 50. Corrected specific airflow resistance and airflow resistivity values for double 
samples in the high temperature test rig with packing inside the preheater. 
Material 
ID No. 
Initial 
thickness at 
room 
temperature 
(mm) 
Temperature 
(℃) 
Specific airflow 
resistance 
(Pa.s/m) 
Corrected 
specific 
airflow 
resistance 
(Pa.s/m) 
Airflow 
resistivity 
(Pa.s/m2) 
Corrected 
airflow 
resistivity 
(Pa.s/m2) 
0048 100 
20 859 859 8,586 8,586 
100 899 1,141 8,985 11,412 
200 1,103 1,776 11,029 17,757 
300 1,198 2,336 11,981 23,362 
400 1,358 3,109 13,578 31,094 
500 1,398 3,676 13,977 36,761 
600 1,617 4,804 16,174 48,036 
700 998 3,305 9,984 33,047 
800 80 291 799 2,907 
0048 90 
20 799 799 8,875 8,875 
100 938 1,192 10,428 13,243 
200 1,118 1,800 12,424 20,003 
300 1,358 2,648 15,087 29,419 
400 1,458 3,338 16,196 37,089 
500 1,717 4,516 19,080 50,181 
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600 1,797 5,337 19,968 59,304 
700 1,158 3,845 12,868 42,722 
800 100 365 1,109 4,060 
0064 82 
20 3,095 3095 37,744 37,744 
100 3,249 4,093 39,616 49,916 
200 3,295 5,271 40,179 64,286 
300 3,369 6,536 41,084 79,702 
400 3,409 7,738 41,573 94,370 
500 3,850 10,049 46,953 122,546 
600 3,710 10,944 45,241 133,460 
700 3,095 10,183 37,744 124,177 
800 2,206 8007 26,900 97,647 
0064 80 
20 2,995 2,995 37,439 37,439 
100 3,075 3,905 38,438 48,816 
200 3,235 5,208 40,435 65,100 
300 3,295 6,425 41,183 80,308 
400 3,930 9,000 49,129 112,506 
500 4,451 11,705 55,632 146,313 
600 4,475 13,290 55,935 166,126 
700 3,734 12,359 46,675 154,493 
800 2,157 7,871 26,956 98,391 
0064 80 
20 3,015 3,015 37,689 37,689 
100 3,095 3,931 38,687 49,133 
200 3,235 5,176 40,435 64,695 
300 3,355 6,508 41,932 81,348 
400 3,754 8,559 46,924 106,987 
500 4,373 11,457 54,662 143,213 
600 4,572 13,533 57,150 169,164 
700 3,674 12,124 45,926 151,555 
800 2,037 7,414 25,459 92,670 
0058 100 
20 9,505 9,505 95,046 95,046 
100 9,784 12,622 97,842 126,216 
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200 12,680 20,794 126,795 207,944 
300 16,394 32,625 163,943 326,247 
400 19,780 46,087 197,799 460,871 
500 21,336 57,181 213,361 571,806 
600 24,620 74,353 246,202 743,530 
700 24,484 82,512 244,843 825,122 
800 20,738 77,147 207,384 771,470 
0058 96 
20 9,604 9,604 100,047 100,047 
100 9,904 12,677 103,167 132,053 
200 12,493 20,238 130,134 210,816 
300 14,996 29,542 156,206 307,725 
400 19,732 45,581 205,540 474,797 
500 21,617 57,501 225,175 598,965 
600 24,780 74,340 258,124 774,373 
700 24,401 81,498 254,172 848,936 
800 20,467 75,523 213,197 786,697 
 
5.2.4 Influence of temperature on the specific airflow resistance of double samples in 
high temperature test rig 
 
Having established that the specific airflow resistance is the preferred parameter to assess the 
material properties over a wide range of temperatures, statistical tests were conducted to assess 
the effect of temperature on the corrected specific airflow resistance values.  
 
For material ID No.0048 (64 kg/m3), a one-way analysis of variance was conducted on the 
influence of temperature on the specific airflow resistance of double samples in high 
temperature test rig – see Table 51. Temperature variable included nine different temperatures 
{20℃, 100℃, 200℃, 300℃, 400℃, 500℃, 600℃, 700℃, 800℃}. All effects were 
statistically significant at the 0.05 significance level. The main effect for the temperature 
yielded an F ratio of F (8,9)=64.32 p=0.000 (p<0.05), indicating a significant difference 
between room temperature (M=829.0, SD=42.4), 100 ℃ (M=1166.5, SD=36.0), 200 ℃ 
(M=1788.0 SD=17.0), 300 ℃ (M=2492.0 SD=220.6), 400 ℃ (M=3,223.5 SD=161.9), 
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500 ℃(M=4,096.0, SD=594.0), 600 ℃ (M=5,070.5, SD=376.9), 700 ℃ (M=3,575.0, 
SD=381.8) and 800 ℃ (M=328.0, SD=52.3). 
 
According to the results of ANOVA with Tukey’s post-hoc test was conducted, the specific 
airflow resistance at room temperature (20 ℃) has a significant difference (p=0.05) to all other 
temperature values except 100 and 200 ℃.   
 
The specific airflow resistance at 100℃ has a significant difference (p=0.05) to all other 
temperatures except 20 ℃ (room temperature) and 200 ℃.  
 
The specific airflow resistances at 100, 200 and 300 ℃ are not significantly different (p=0.05), 
however they are significantly different to other temperatures.  
 
The specific airflow resistance at 300 ℃ is not significantly different (p=0.05) from 200 and 
700 ℃.  
 
The specific airflow resistance at 400 ℃ is significantly different (p=0.05) from other 
temperatures except 300, 500 and 700 ℃. 
 
The specific airflow resistance at 500 ℃ is significantly different (p=0.05) from other 
temperatures except 400, 700 and 800 ℃.   
 
The specific airflow resistance at 600 ℃ is significantly different (p=0.05) from other 
temperatures except 500℃.  
 
The specific airflow resistance at 700 ℃ is significantly different (p=0.05) from other 
temperatures except 300, 400 and 500 ℃.   
 
The specific airflow resistance at 800 ℃ is significantly different (p=0.05) from all other 
temperatures except 20 ℃ (room temperature) and 100 ℃. 
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Table 51. Statistical test output for specific airflow resistance of double samples at high 
temperatures for material ID No.0048 (64 kg/m3) 
Specific airflow resistance (Pa.s/m) 
Temperature 
(℃) N 
Mean 
(Pa.s/m) 
Std. 
Deviation 
(Pa.s/m) 
Std. 
Error 
(Pa.s/m) 
95% Confidence Interval for 
Mean (Pa.s/m) 
Minimum 
(Pa.s/m) 
Maximum 
(Pa.s/m) Lower Bound 
Upper 
Bound 
20 2 829.0 42.4 30.0 447.8 1210.2 799 859 
100 2 1166.5 36.1 25.5 842.5 1490.5 1141 1192 
200 2 1788.0 17.0 12.0 1635.5 1940.5 1776 1800 
300 2 2492.0 220.6 156.0 509.8 4474.2 2336 2648 
400 2 3223.5 161.9 114.5 1768.6 4678.4 3109 3338 
500 2 4096.0 594.00 420.0 -1240.6 9432.6 3676 4516 
600 2 5070.5 376.9 266.5 1684.3 8456.7 4804 5337 
700 2 3575.0 381.8 270.0 144.3 7005.7 3305 3845 
800 2 328.0 52.3 37.0 -142.1 798.1 291 365 
Total 18 2507.6 1571.4 370.3 1726.2 3289. 291 5337 
 
ANOVA 
Specific airflow resistance (Pa.s/m)  
 Sum of Squares df Mean Square F Sig. 
Between Groups 41256594.778 8 5157074.347 64.315 .000 
Within Groups 721663.500 9 80184.833   
Total 41978258.278 17    
 
Multiple Comparisons 
Dependent Variable:   Specific airflow resistance (Pa.s/m) 
Tukey HSD   
(I) 
Temperature 
(℃) 
(J) Temperature 
(℃) 
Mean 
Difference (I-
J) (Pa.s/m) 
Std. Error 
(Pa.s/m) Sig. 
95% Confidence Interval  
Lower Bound Upper Bound 
20 100 -337.500 283.169 .940 -1457.73 782.73 
200 -959.000 283.169 .108 -2079.23 161.23 
300 -1663.000* 283.169 .004 -2783.23 -542.77 
400 -2394.500* 283.169 .000 -3514.73 -1274.27 
500 -3267.000* 283.169 .000 -4387.23 -2146.77 
600 -4241.500* 283.169 .000 -5361.73 -3121.27 
700 -2746.000* 283.169 .000 -3866.23 -1625.77 
800 501.000 283.169 .699 -619.23 1621.23 
100 20 337.500 283.169 .940 -782.73 1457.73 
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200 -621.500 283.169 .476 -1741.73 498.73 
300 -1325.500* 283.169 .019 -2445.73 -205.27 
400 -2057.000* 283.169 .001 -3177.23 -936.77 
500 -2929.500* 283.169 .000 -4049.73 -1809.27 
600 -3904.000* 283.169 .000 -5024.23 -2783.77 
700 -2408.500* 283.169 .000 -3528.73 -1288.27 
800 838.500 283.169 .191 -281.73 1958.73 
200 20 959.000 283.169 .108 -161.23 2079.23 
100 621.500 283.169 .476 -498.73 1741.73 
300 -704.000 283.169 .344 -1824.23 416.23 
400 -1435.500* 283.169 .011 -2555.73 -315.27 
500 -2308.000* 283.169 .000 -3428.23 -1187.77 
600 -3282.500* 283.169 .000 -4402.73 -2162.27 
700 -1787.000* 283.169 .003 -2907.23 -666.77 
800 1460.000* 283.169 .010 339.77 2580.23 
300 20 1663.000* 283.169 .004 542.77 2783.23 
100 1325.500* 283.169 .019 205.27 2445.73 
200 704.000 283.169 .344 -416.23 1824.23 
400 -731.500 283.169 .307 -1851.73 388.73 
500 -1604.000* 283.169 .005 -2724.23 -483.77 
600 -2578.500* 283.169 .000 -3698.73 -1458.27 
700 -1083.000 283.169 .060 -2203.23 37.23 
800 2164.000* 283.169 .001 1043.77 3284.23 
400 20 2394.500* 283.169 .000 1274.27 3514.73 
100 2057.000* 283.169 .001 936.77 3177.23 
200 1435.500* 283.169 .011 315.27 2555.73 
300 731.500 283.169 .307 -388.73 1851.73 
500 -872.500 283.169 .163 -1992.73 247.73 
600 -1847.000* 283.169 .002 -2967.23 -726.77 
700 -351.500 283.169 .926 -1471.73 768.73 
800 2895.500* 283.169 .000 1775.27 4015.73 
500 20 3267.000* 283.169 .000 2146.77 4387.23 
100 2929.500* 283.169 .000 1809.27 4049.73 
200 2308.000* 283.169 .000 1187.77 3428.23 
300 1604.000* 283.169 .005 483.77 2724.23 
400 872.500 283.169 .163 -247.73 1992.73 
600 -974.500 283.169 .101 -2094.73 145.73 
700 521.000 283.169 .662 -599.23 1641.23 
800 3768.000* 283.169 .000 2647.77 4888.23 
600 20 4241.500* 283.169 .000 3121.27 5361.73 
100 3904.000* 283.169 .000 2783.77 5024.23 
200 3282.500* 283.169 .000 2162.27 4402.73 
300 2578.500* 283.169 .000 1458.27 3698.73 
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400 1847.000* 283.169 .002 726.77 2967.23 
500 974.500 283.169 .101 -145.73 2094.73 
700 1495.500* 283.169 .009 375.27 2615.73 
800 4742.500* 283.169 .000 3622.27 5862.73 
700 20 2746.000* 283.169 .000 1625.77 3866.23 
100 2408.500* 283.169 .000 1288.27 3528.73 
200 1787.000* 283.169 .003 666.77 2907.23 
300 1083.000 283.169 .060 -37.23 2203.23 
400 351.500 283.169 .926 -768.73 1471.73 
500 -521.000 283.169 .662 -1641.23 599.23 
600 -1495.500* 283.169 .009 -2615.73 -375.27 
800 3247.000* 283.169 .000 2126.77 4367.23 
800 20 -501.000 283.169 .699 -1621.23 619.23 
100 -838.500 283.169 .191 -1958.73 281.73 
200 -1460.000* 283.169 .010 -2580.23 -339.77 
300 -2164.000* 283.169 .001 -3284.23 -1043.77 
400 -2895.500* 283.169 .000 -4015.73 -1775.27 
500 -3768.000* 283.169 .000 -4888.23 -2647.77 
600 -4742.500* 283.169 .000 -5862.73 -3622.27 
700 -3247.000* 283.169 .000 -4367.23 -2126.77 
*. The mean difference is significant at the 0.05 level. 
 
For material ID No.0064 (96 kg/m3), a one-way analysis of variance was conducted on the 
influence of temperature on the specific airflow resistance of double samples in high 
temperature test rig – see Table 52. A one-way analysis of variance was conducted on the 
influence of temperature on the specific airflow resistance of double samples in high 
temperature test rig. Temperature variable included nine different temperatures {20℃, 100℃, 
200℃, 300℃, 400℃, 500℃, 600℃, 700℃, 800℃}. All effects were statistically significant 
at the 0.05 significance level. The main effect for the temperature yielded an F ratio of F (8,18) 
=66.07 p=0.000 (p<0.05), indicating a significant difference between room temperature (M= 
3,035.0, SD=52.9), 100 ℃ (M=3,976.3, SD=101.9), 200℃ (M=5,218.3 SD=48.3), 300℃ (M= 
6,489.7 SD=57.7), 400℃ (M=8,432.3 SD=640.5), 500℃(M=11,070.3, SD=893.2), 600℃ 
(M=12,589.0, SD=1429.8), 700℃(M=11,555.3, SD=1194.3) and 800℃ (M=7,764.0, 
SD=310.6). 
 
 According to the results of ANOVA with Tukey’s post-hoc test, the specific airflow resistance 
at room temperature (20 ℃) has a significant difference (p=0.05) to all other temperature 
values except 100 and 200 ℃.  
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The specific airflow resistance at 100℃ has a significant difference (p=0.05) to all other 
temperatures except 20 ℃ (room temperature) and 200 ℃.  
  
The specific airflow resistances at 100, 200 and 300 ℃ are not significantly different (p=0.05), 
however they are significantly different to other temperatures.  
 
The specific airflow resistance at 300 ℃ is not significantly different (p=0.05) from 200,400 
and 800 ℃.  
 
The specific airflow resistance at 400 ℃ is significantly different (p=0.05) from other 
temperatures except 300 and 800 ℃. 
 
The specific airflow resistance at 500 ℃ is significantly different (p=0.05) from other 
temperatures except 600 and 700 ℃.   
 
The specific airflow resistance at 600 ℃ and 700℃ is only significantly different (p=0.05) 
from 500℃.  
 
The specific airflow resistance at 600 ℃ is only non-significantly different (p=0.05) from 500 
and 700 ℃.  
 
The specific airflow resistance at 700 ℃ is significantly different (p=0.05) from other 
temperatures except 500 and 600 ℃.   
 
The specific airflow resistance at 800 ℃ is significantly different (p=0.05) from all other 
temperatures except 300℃ and 400 ℃. 
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            Table 52. Statistical test output for specific airflow resistance at high temperatures for 
material ID No.0064 (96 kg/m3) 
Specific airflow resistance (Pa.s/m) 
Temperature 
(℃) N 
Mean 
(Pa.s/m) 
Std. 
Deviation 
(Pa.s/m) 
Std. Error 
(Pa.s/m) 
95% Confidence Interval for 
Mean (Pa.s/m) Minimum 
(Pa.s/m) 
Maximum 
(Pa.s/m) Lower Bound Upper Bound 
20 3 3035.0 52.9 30.6 2903.5 3166.5 2995 3095 
100 3 3976.3 101.7 58.8 3723.3 4229.4 3905 4093 
200 3 5218.3 48.3 27.9 5098.3 5338.4 5176 5271 
300 3 6489.7 57.7 33.3 6346.1 6633.1 6425 6536 
400 3 8432.3 640.5 369.8 6841.3 10023.3 7738 9000 
500 3 11070.3 893.2 515.7 8851.6 13289.0 10049 11705 
600 3 12589.0 1429.8 825.5 9037.2 16140.8 10944 13533 
700 3 11555.3 1194.3 689.5 8588.6 14522.1 10183 12359 
800 3 7764.0 310.6 179.4 6992.3 8535.7 7414 8007 
Total 27 7792.3 3346.1 644.0 6468.6 9115.9 2995 13533 
 
ANOVA 
Specific airflow resistance (Pa.s/m)   
 Sum of Squares df Mean Square F Sig. 
Between Groups 281521079.185 8 35190134.898 66.067 .000 
Within Groups 9587636.000 18 532646.444   
Total 291108715.185 26    
 
Multiple Comparisons 
Dependent Variable:   Specific airflow resistance (Pa.s/m)  
Tukey HSD   
(I) 
Temperature 
(℃) 
(J) 
Temperature 
(℃) 
Mean 
Difference 
(Pa.s/m) 
(I-J) 
Std. Error 
(Pa.s/m) Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
20 100 -941.333 595.901 .804 -3029.29 1146.62 
200 -2183.333* 595.901 .036 -4271.29 -95.38 
300 -3454.667* 595.901 .000 -5542.62 -1366.71 
400 -5397.333* 595.901 .000 -7485.29 -3309.38 
500 -8035.333* 595.901 .000 -10123.29 -5947.38 
600 -9554.000* 595.901 .000 -11641.95 -7466.05 
700 -8520.333* 595.901 .000 -10608.29 -6432.38 
800 -4729.000* 595.901 .000 -6816.95 -2641.05 
100 20 941.333 595.901 .804 -1146.62 3029.29 
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200 -1242.000 595.901 .512 -3329.95 845.95 
300 -2513.333* 595.901 .012 -4601.29 -425.38 
400 -4456.000* 595.901 .000 -6543.95 -2368.05 
500 -7094.000* 595.901 .000 -9181.95 -5006.05 
600 -8612.667* 595.901 .000 -10700.62 -6524.71 
700 -7579.000* 595.901 .000 -9666.95 -5491.05 
800 -3787.667* 595.901 .000 -5875.62 -1699.71 
200 20 2183.333* 595.901 .036 95.38 4271.29 
100 1242.000 595.901 .512 -845.95 3329.95 
300 -1271.333 595.901 .483 -3359.29 816.62 
400 -3214.000* 595.901 .001 -5301.95 -1126.05 
500 -5852.000* 595.901 .000 -7939.95 -3764.05 
600 -7370.667* 595.901 .000 -9458.62 -5282.71 
700 -6337.000* 595.901 .000 -8424.95 -4249.05 
800 -2545.667* 595.901 .011 -4633.62 -457.71 
300 20 3454.667* 595.901 .000 1366.71 5542.62 
100 2513.333* 595.901 .012 425.38 4601.29 
200 1271.333 595.901 .483 -816.62 3359.29 
400 -1942.667 595.901 .080 -4030.62 145.29 
500 -4580.667* 595.901 .000 -6668.62 -2492.71 
600 -6099.333* 595.901 .000 -8187.29 -4011.38 
700 -5065.667* 595.901 .000 -7153.62 -2977.71 
800 -1274.333 595.901 .480 -3362.29 813.62 
400 20 5397.333* 595.901 .000 3309.38 7485.29 
100 4456.000* 595.901 .000 2368.05 6543.95 
200 3214.000* 595.901 .001 1126.05 5301.95 
300 1942.667 595.901 .080 -145.29 4030.62 
500 -2638.000* 595.901 .008 -4725.95 -550.05 
600 -4156.667* 595.901 .000 -6244.62 -2068.71 
700 -3123.000* 595.901 .001 -5210.95 -1035.05 
800 668.333 595.901 .963 -1419.62 2756.29 
500 20 8035.333* 595.901 .000 5947.38 10123.29 
100 7094.000* 595.901 .000 5006.05 9181.95 
200 5852.000* 595.901 .000 3764.05 7939.95 
300 4580.667* 595.901 .000 2492.71 6668.62 
400 2638.000* 595.901 .008 550.05 4725.95 
600 -1518.667 595.901 .273 -3606.62 569.29 
700 -485.000 595.901 .995 -2572.95 1602.95 
800 3306.333* 595.901 .001 1218.38 5394.29 
600 20 9554.000* 595.901 .000 7466.05 11641.95 
100 8612.667* 595.901 .000 6524.71 10700.62 
200 7370.667* 595.901 .000 5282.71 9458.62 
300 6099.333* 595.901 .000 4011.38 8187.29 
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400 4156.667* 595.901 .000 2068.71 6244.62 
500 1518.667 595.901 .273 -569.29 3606.62 
700 1033.667 595.901 .720 -1054.29 3121.62 
800 4825.000* 595.901 .000 2737.05 6912.95 
700 20 8520.333* 595.901 .000 6432.38 10608.29 
100 7579.000* 595.901 .000 5491.05 9666.95 
200 6337.000* 595.901 .000 4249.05 8424.95 
300 5065.667* 595.901 .000 2977.71 7153.62 
400 3123.000* 595.901 .001 1035.05 5210.95 
500 485.000 595.901 .995 -1602.95 2572.95 
600 -1033.667 595.901 .720 -3121.62 1054.29 
800 3791.333* 595.901 .000 1703.38 5879.29 
800 20 4729.000* 595.901 .000 2641.05 6816.95 
100 3787.667* 595.901 .000 1699.71 5875.62 
200 2545.667* 595.901 .011 457.71 4633.62 
300 1274.333 595.901 .480 -813.62 3362.29 
400 -668.333 595.901 .963 -2756.29 1419.62 
500 -3306.333* 595.901 .001 -5394.29 -1218.38 
600 -4825.000* 595.901 .000 -6912.95 -2737.05 
700 -3791.333* 595.901 .000 -5879.29 -1703.38 
*. The mean difference is significant at the 0.05 level. 
 
For material ID No.0058 (128 kg/m3), a one-way analysis of variance was conducted on the 
influence of temperature on the specific airflow resistance of double samples in high 
temperature test rig – see Table 53. A one-way analysis of variance was conducted on the 
influence of temperature on the specific airflow resistance of double samples in high 
temperature test rig. Temperature variable included nine different temperatures {20 ℃, 100 
℃, 200 ℃, 300 ℃, 400 ℃, 500 ℃, 600 ℃, 700 ℃, 800 ℃}. All effects were statistically 
significant at the 0.05 significance level. The main effect for the temperature yielded an F ratio 
of F (8,9) =2,098.48 p=0.000 (p<0.05), indicating a significant difference between room 
temperature (M= 9,554.5, SD=70.0), 100 ℃ (M=12,649.5, SD=38.9), 200 ℃ (M=20,516.0 
SD=393.2), 300 ℃ (M= 31,083.5 SD=2,180.0), 400 ℃(M=45,834.0 SD=357.8), 500 ℃(M= 
57,341.0, SD=226.3), 600 ℃ (M=74,346.5 , SD=9.2), 700 ℃(M=82,005.0, SD=717.0) and 
800℃ (M=76,335.0, SD=1148.3),  
 
According to the results of ANOVA with Tukey’s post –hoc test, the specific airflow resistance 
at room temperature (20 ℃) has a significant difference (p=0.05) to all other temperature 
values except 100 ℃.  
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The specific airflow resistance at 600 ℃ is statistically non-significant to the value at 800 ℃.  
 
Considering the results from the three densities, it might be possible to assume no significant 
effect of temperature on specific airflow resistance for 20 and 100 ℃. Whilst there was not 
always a significant difference between results in 100 ℃ steps, this choice was reasonable 
although the change in material properties above 600 ℃ means that future work could use 
smaller temperature steps to assess changes in airflow resistance as the material crystallises. 
 
Table 53. Statistical test output for specific airflow resistance at high temperatures for 
material ID No.0058 (128 kg/m3) 
Specific airflow resistance (Pa.s/m)  
Temperature 
(℃) N 
Mean 
(Pa.s/m) 
Std. 
Deviation 
(Pa.s/m) 
Std. Error 
(Pa.s/m) 
95% Confidence Interval for 
Mean (Pa.s/m) 
Minimum 
(Pa.s/m) 
Maximum 
(Pa.s/m) 
Lower 
Bound Upper Bound 
20 2 9554.5 70.0 49.5 8925.5 10183.5 9505 9604 
100 2 12649.5 38.9 27.5 12300.1 12998.9 12622 12677 
200 2 20516.0 393.2 278.0 16983.7 24048.3 20238 20794 
300 2 31083.5 2180.0 1541.5 11496.9 50670.1 29542 32625 
400 2 45834.0 357.8 253.0 42619.3 49048.6 45581 46087 
500 2 57341.0 226.3 160.0 55308.0 59374.0 57181 57501 
600 2 74346.5 9.2 6.5 74263.9 74429.1 74340 74353 
700 2 82005.0 717.0 507.0 75563.0 88447.1 81498 82512 
800 2 76335.0 1148.3 812.0 66017.6 86652.4 75523 77147 
Total 18 45518.3 27573.6 6499.2 31806.3 59230.4 9505 82512 
 
ANOVA 
Specific airflow resistance (Pa.s/m) 
 
Sum of 
Squares df Mean Square F Sig. 
Between Groups 12918241346.
000 
8 1614780168.250 2098.476 .000 
Within Groups 6925514.000 9 769501.556   
Total 12925166860.
000 
17 
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Multiple Comparisons 
Dependent Variable:   Specific airflow resistance  (Pa.s/m) 
Tukey HSD   
(I) 
Temperature 
(℃) 
(J) 
Temperature 
(℃) 
Mean Difference 
(I-J) (Pa.s/m) Std. Error (Pa.s/m) Sig. 
95% Confidence Interval (Pa.s/m) 
Lower Bound Upper Bound 
20 
100 -3095.000 877.212 .089 -6565.30 375.30 
200 -10961.500* 877.212 .000 -14431.80 -7491.20 
300 -21529.000* 877.212 .000 -24999.30 -18058.70 
400 -36279.500* 877.212 .000 -39749.80 -32809.20 
500 -47786.500* 877.212 .000 -51256.80 -44316.20 
600 -64792.000* 877.212 .000 -68262.30 -61321.70 
700 -72450.500* 877.212 .000 -75920.80 -68980.20 
800 -66780.500* 877.212 .000 -70250.80 -63310.20 
100 
20 3095.000 877.212 .089 -375.30 6565.30 
200 -7866.500* 877.212 .000 -11336.80 -4396.20 
300 -18434.000* 877.212 .000 -21904.30 -14963.70 
400 -33184.500* 877.212 .000 -36654.80 -29714.20 
500 -44691.500* 877.212 .000 -48161.80 -41221.20 
600 -61697.000* 877.212 .000 -65167.30 -58226.70 
700 -69355.500* 877.212 .000 -72825.80 -65885.20 
800 -63685.500* 877.212 .000 -67155.80 -60215.20 
200 
20 10961.500* 877.212 .000 7491.20 14431.80 
100 7866.500* 877.212 .000 4396.20 11336.80 
300 -10567.500* 877.212 .000 -14037.80 -7097.20 
400 -25318.000* 877.212 .000 -28788.30 -21847.70 
500 -36825.000* 877.212 .000 -40295.30 -33354.70 
600 -53830.500* 877.212 .000 -57300.80 -50360.20 
700 -61489.000* 877.212 .000 -64959.30 -58018.70 
800 -55819.000* 877.212 .000 -59289.30 -52348.70 
300 
20 21529.000* 877.212 .000 18058.70 24999.30 
100 18434.000* 877.212 .000 14963.70 21904.30 
200 10567.500* 877.212 .000 7097.20 14037.80 
400 -14750.500* 877.212 .000 -18220.80 -11280.20 
500 -26257.500* 877.212 .000 -29727.80 -22787.20 
600 -43263.000* 877.212 .000 -46733.30 -39792.70 
700 -50921.500* 877.212 .000 -54391.80 -47451.20 
800 -45251.500* 877.212 .000 -48721.80 -41781.20 
400 
20 36279.500* 877.212 .000 32809.20 39749.80 
100 33184.500* 877.212 .000 29714.20 36654.80 
200 25318.000* 877.212 .000 21847.70 28788.30 
300 14750.500* 877.212 .000 11280.20 18220.80 
500 -11507.000* 877.212 .000 -14977.30 -8036.70 
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600 -28512.500* 877.212 .000 -31982.80 -25042.20 
700 -36171.000* 877.212 .000 -39641.30 -32700.70 
800 -30501.000* 877.212 .000 -33971.30 -27030.70 
500 
20 47786.500* 877.212 .000 44316.20 51256.80 
100 44691.500* 877.212 .000 41221.20 48161.80 
200 36825.000* 877.212 .000 33354.70 40295.30 
300 26257.500* 877.212 .000 22787.20 29727.80 
400 11507.000* 877.212 .000 8036.70 14977.30 
600 -17005.500* 877.212 .000 -20475.80 -13535.20 
700 -24664.000* 877.212 .000 -28134.30 -21193.70 
800 -18994.000* 877.212 .000 -22464.30 -15523.70 
600 
20 64792.000* 877.212 .000 61321.70 68262.30 
100 61697.000* 877.212 .000 58226.70 65167.30 
200 53830.500* 877.212 .000 50360.20 57300.80 
300 43263.000* 877.212 .000 39792.70 46733.30 
400 28512.500* 877.212 .000 25042.20 31982.80 
500 17005.500* 877.212 .000 13535.20 20475.80 
700 -7658.500* 877.212 .000 -11128.80 -4188.20 
800 -1988.500 877.212 .441 -5458.80 1481.80 
700 
20 72450.500* 877.212 .000 68980.20 75920.80 
100 69355.500* 877.212 .000 65885.20 72825.80 
200 61489.000* 877.212 .000 58018.70 64959.30 
300 50921.500* 877.212 .000 47451.20 54391.80 
400 36171.000* 877.212 .000 32700.70 39641.30 
500 24664.000* 877.212 .000 21193.70 28134.30 
600 7658.500* 877.212 .000 4188.20 11128.80 
800 5670.000* 877.212 .002 2199.70 9140.30 
800 
20 66780.500* 877.212 .000 63310.20 70250.80 
100 63685.500* 877.212 .000 60215.20 67155.80 
200 55819.000* 877.212 .000 52348.70 59289.30 
300 45251.500* 877.212 .000 41781.20 48721.80 
400 30501.000* 877.212 .000 27030.70 33971.30 
500 18994.000* 877.212 .000 15523.70 22464.30 
600 1988.500 877.212 .441 -1481.80 5458.80 
700 -5670.000* 877.212 .002 -9140.30 -2199.70 
*. The mean difference is significant at the 0.05 level. 
 
In conclusion, by considering all the statistical test results, it is shown that the effect of 
temperature on the specific airflow resistance is statistically significant and that the effect of 
temperature was highest with material ID No.0058 which has the highest nominal density (i.e. 
manufacturers quoted density at room temperature).  
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5.2.5 Effect of airflow velocity on double samples 
 
Specific airflow resistance measurements were carried out for four different airflow velocities 
corresponding to the sound pressure levels indicated in Table 1 and the results are shown in 
Table 54 and Figure 47. 
 
Table 54. Specific airflow resistance values for different airflow velocities. 
Mass (g) Specific airflow resistance values for different airflow velocities 
(Pa.s/m) 
0.5 × 10−3  m/s 1 × 10−3 m/s 2 × 10−3 m/s 4 × 10−3 m/s 
22.12 365 4032 9010 17312 
24.21 291 3972 8759 17052 
29.57 7871 16438 23517 33187 
30.86 7414 15478 23162 32759 
30.87 8007 16268 23227 33178 
47.61 77147 53777 48144 30047 
48.32 75523 48545 48399 27942 
 
In contrast to the room temperature measurements in section 5.1.5 where the effect of different 
airflow velocities was negligible, Figure 47 shows that the specific airflow resistance at 800℃ 
vary with the different airflow velocities. For the highest density samples there is little change 
in the specific airflow resistance for the range of airflow velocities. However, with increasing 
airflow velocity the change in specific airflow resistance with increasing sample mass becomes 
less significant such that the specific airflow resistance becomes almost independent from the 
sample mass at the highest airflow velocity of 4 ×10-3 m/s .  
 
In this project the main comparisons between the two test rigs are all carried out with an airflow 
velocity of 0.5  10-3 m/s; however, the findings here suggest that the airflow velocity should 
be chosen to correspond to the SPL in the specific application. 
 
Table 55. Statistical comparison of specific airflow resistance at 800℃ for four different 
airflow velocities 
Dependent variable : Specific airflow resistance (Pa.s/m) 
Mass 
(kg) 
Velocities 
(m/s) 
Mean 
(Pa.s/m) 
Std. Deviation 
(Pa.s/m) N 
22.12 0.5 × 10−3 365.00 . 1 
1 × 10−3 4032.00 . 1 
2 × 10−3 9010.00 . 1 
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4 × 10−3 17312.00 . 1 
Total 7679.75 7333.972 4 
24.21 0.5 × 10−3 291.00 . 1 
1 × 10−3 3972.00 . 1 
2 × 10−3 8759.00 . 1 
4 × 10−3 17052.00 . 1 
Total 7518.50 7239.726 4 
29.57 0.5 × 10−3 7871.00 . 1 
1 × 10−3 16438.00 . 1 
2 × 10−3 23517.00 . 1 
4 × 10−3 33187.00 . 1 
Total 20253.25 10736.390 4 
30.86 0.5 × 10−3 7414.00 . 1 
1 × 10−3 15478.00 . 1 
2 × 10−3 23162.00 . 1 
4 × 10−3 32759.00 . 1 
Total 19703.25 10821.182 4 
30.87 0.5 × 10−3 8007.00 . 1 
1 × 10−3 16268.00 . 1 
2 × 10−3 23227.00 . 1 
4 × 10−3 33178.00 . 1 
Total 20170.00 10672.667 4 
47.61 0.5 × 10−3 77147.00 . 1 
1 × 10−3 53777.00 . 1 
2 × 10−3 48144.00 . 1 
4 × 10−3 30047.00 . 1 
Total 52278.75 19425.254 4 
48.32 0.5 × 10−3 75523.00 . 1 
1 × 10−3 48545.00 . 1 
2 × 10−3 48399.00 . 1 
4 × 10−3 27942.00 . 1 
Total 50102.25 19515.953 4 
Total 0.5 × 10−3 25231.14 35072.209 7 
1 × 10−3 22644.29 20271.881 7 
2 × 10−3 26316.86 16325.800 7 
4 × 10−3 27353.86 7207.957 7 
Total 25386.54 20943.426 28 
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Tests of Between-Subjects Effects 
Dependent variable: Specific airflow resistance (Pa.s/m)  
Source 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model 8296828679.179a 9 921869853.242 4.679 .003 
Intercept 18045333476.036 1 18045333476.036 91.598 .000 
Mass 8210869144.214 6 1368478190.702 6.946 .001 
Velocities 85959534.964 3 28653178.321 .145 .931 
Error 3546103223.786 18 197005734.655   
Total 29888265379.000 28    
Corrected Total 11842931902.964 27    
a. R Squared = .701 (Adjusted R Squared = .551) 
 
 
Multiple Comparisons- Mass 
Dependent variable:  Specific airflow resistance (Pa.s/m)   
Tukey HSD   
(I) Mass 
(kg) 
(J) Mass 
(kg) 
Mean Difference 
(I-J) (Pa.s/m) 
Std. Error 
(Pa.s/m) Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
22.12 24.21 161.25 9924.861 1.000 -32634.49 32956.99 
29.57 -12573.50 9924.861 .858 -45369.24 20222.24 
30.86 -12023.50 9924.861 .881 -44819.24 20772.24 
30.87 -12490.25 9924.861 .862 -45285.99 20305.49 
47.61 -44599.00* 9924.861 .004 -77394.74 -11803.26 
48.32 -42422.50* 9924.861 .007 -75218.24 -9626.76 
24.21 22.12 -161.25 9924.861 1.000 -32956.99 32634.49 
29.57 -12734.75 9924.861 .851 -45530.49 20060.99 
30.86 -12184.75 9924.861 .874 -44980.49 20610.99 
30.87 -12651.50 9924.861 .855 -45447.24 20144.24 
47.61 -44760.25* 9924.861 .004 -77555.99 -11964.51 
48.32 -42583.75* 9924.861 .007 -75379.49 -9788.01 
29.57 22.12 12573.50 9924.861 .858 -20222.24 45369.24 
24.21 12734.75 9924.861 .851 -20060.99 45530.49 
30.86 550.00 9924.861 1.000 -32245.74 33345.74 
30.87 83.25 9924.861 1.000 -32712.49 32878.99 
47.61 -32025.50 9924.861 .058 -64821.24 770.24 
48.32 -29849.00 9924.861 .089 -62644.74 2946.74 
30.86 22.12 12023.50 9924.861 .881 -20772.24 44819.24 
24.21 12184.75 9924.861 .874 -20610.99 44980.49 
29.57 -550.00 9924.861 1.000 -33345.74 32245.74 
30.87 -466.75 9924.861 1.000 -33262.49 32328.99 
47.61 -32575.50 9924.861 .052 -65371.24 220.24 
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48.32 -30399.00 9924.861 .080 -63194.74 2396.74 
30.87 22.12 12490.25 9924.861 .862 -20305.49 45285.99 
24.21 12651.50 9924.861 .855 -20144.24 45447.24 
29.57 -83.25 9924.861 1.000 -32878.99 32712.49 
30.86 466.75 9924.861 1.000 -32328.99 33262.49 
47.61 -32108.75 9924.861 .057 -64904.49 686.99 
48.32 -29932.25 9924.861 .087 -62727.99 2863.49 
47.61 22.12 44599.00* 9924.861 .004 11803.26 77394.74 
24.21 44760.25* 9924.861 .004 11964.51 77555.99 
29.57 32025.50 9924.861 .058 -770.24 64821.24 
30.86 32575.50 9924.861 .052 -220.24 65371.24 
30.87 32108.75 9924.861 .057 -686.99 64904.49 
48.32 2176.50 9924.861 1.000 -30619.24 34972.24 
48.32 22.12 42422.50* 9924.861 .007 9626.76 75218.24 
24.21 42583.75* 9924.861 .007 9788.01 75379.49 
29.57 29849.00 9924.861 .089 -2946.74 62644.74 
30.86 30399.00 9924.861 .080 -2396.74 63194.74 
30.87 29932.25 9924.861 .087 -2863.49 62727.99 
47.61 -2176.50 9924.861 1.000 -34972.24 30619.24 
Based on observed means. 
 The error term is Mean Square (Error) = 197005734.655. 
*. The mean difference is significant at the .05 level. 
 
 
Multiple Comparisons -Velocities 
Dependent variable:   Specific airflow resistance (Pa.s/m) 
Tukey HSD   
(I) Velocities 
(m/s) 
(J) Velocities 
(m/s) 
Mean Difference 
(I-J) (Pa.s/m) 
Std. Error 
(Pa.s/m) Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
0.5 × 10−3 1 × 10−3 2586.86 7502.490 .985 -18617.36 23791.07 
2 × 10−3 -1085.71 7502.490 .999 -22289.93 20118.50 
4 × 10−3 -2122.71 7502.490 .992 -23326.93 19081.50 
1 × 10−3 0.5 × 10−3 -2586.86 7502.490 .985 -23791.07 18617.36 
2 × 10−3 -3672.57 7502.490 .960 -24876.78 17531.64 
4 × 10−3 -4709.57 7502.490 .922 -25913.78 16494.64 
2 × 10−3 0.5 × 10−3 1085.71 7502.490 .999 -20118.50 22289.93 
1 × 10−3 3672.57 7502.490 .960 -17531.64 24876.78 
4 × 10−3 -1037.00 7502.490 .999 -22241.21 20167.21 
4 × 10−3 0.5 × 10−3 2122.71 7502.490 .992 -19081.50 23326.93 
1 × 10−3 4709.57 7502.490 .922 -16494.64 25913.78 
2 × 10−3 1037.00 7502.490 .999 -20167.21 22241.21 
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Based on observed means. 
 The error term is Mean Square (Error) = 197005734.655. 
 
 
Interaction effect  : Mass * Velocities 
Dependent variable:   Specific airflow resistance (Pa.s/m) 
Mass 
(kg) 
Velocities 
(m/s) 
Mean 
 (Pa.s/m) 
Std. Error 
(Pa.s/m) 
95% Confidence Interval 
Lower Bound 
(Pa.s/m) 
Upper Bound 
(Pa.s/m) 
22.12 0.5 × 10−3 7524.357 8388.039 -10098.258 25146.972 
1 × 10−3 4937.500 8388.039 -12685.115 22560.115 
2 × 10−3 8610.071 8388.039 -9012.544 26232.687 
4 × 10−3 9647.071 8388.039 -7975.544 27269.687 
24.21 0.5 × 10−3 7363.107 8388.039 -10259.508 24985.722 
1 × 10−3 4776.250 8388.039 -12846.365 22398.865 
2 × 10−3 8448.821 8388.039 -9173.794 26071.437 
4 × 10−3 9485.821 8388.039 -8136.794 27108.437 
29.57 0.5 × 10−3 20097.857 8388.039 2475.242 37720.472 
1 × 10−3 17511.000 8388.039 -111.615 35133.615 
2 × 10−3 21183.571 8388.039 3560.956 38806.187 
4 × 10−3 22220.571 8388.039 4597.956 39843.187 
30.86 0.5 × 10−3 19547.857 8388.039 1925.242 37170.472 
1 × 10−3 16961.000 8388.039 -661.615 34583.615 
2 × 10−3 20633.571 8388.039 3010.956 38256.187 
4 × 10−3 21670.571 8388.039 4047.956 39293.187 
30.87 0.5 × 10−3 20014.607 8388.039 2391.992 37637.222 
1 × 10−3 17427.750 8388.039 -194.865 35050.365 
2 × 10−3 21100.321 8388.039 3477.706 38722.937 
4 × 10−3 22137.321 8388.039 4514.706 39759.937 
47.61 0.5 × 10−3 52123.357 8388.039 34500.742 69745.972 
1 × 10−3 49536.500 8388.039 31913.885 67159.115 
2 × 10−3 53209.071 8388.039 35586.456 70831.687 
4 × 10−3 54246.071 8388.039 36623.456 71868.687 
48.32 0.5 × 10−3 49946.857 8388.039 32324.242 67569.472 
1 × 10−3 47360.000 8388.039 29737.385 64982.615 
2 × 10−3 51032.571 8388.039 33409.956 68655.187 
4 × 10−3 52069.571 8388.039 34446.956 69692.187 
 
Two-way analysis of variance (Two way ANOVA) was conducted on the effect of sample mass 
and the airflow velocities on specific airflow resistance – see Table 55. There was a statistical 
significant difference between the specific airflow resistance and the sample mass. F (6, 28) 
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=6.946 p=0.001 (p<0.05). However, there was a non-significance difference on the specific 
airflow resistance and airflow velocities. F (3, 28) =0.145 p=0.931 (p>0.05).   
 
According to the results of Two way ANOVA with Tukey’s post-hoc test was conducted, The 
specific airflow resistance of both 47.61 and 48.32 kg samples have a significant difference 
(p=0.05) to all other samples. However there is no significance difference in the specific 
airflow resistance between the sets of lower mass values and the medium mass values.  
 
Furthermore, there is no significance difference in the specific airflow resistance between 
individual airflow velocities for different sample mass values.  
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Figure 47. Specific airflow resistance at 800 ℃ for four different airflow velocities. 
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5.2.6 Regression analysis to relate specific airflow resistance to sample mass for different 
density materials 
 
Section 5.2.4 confirmed that the specific airflow resistance varies with temperature. The final 
stage is to use regression analysis to identify a relationship between specific airflow resistance 
and temperature for each material ID. Referring back to room temperature measurements in 
section 5.1.4 it was feasible to use an independent variable of bulk density. However, over the 
temperature range from 20 to 800 C, the thickness of the double sample significantly reduces 
above 600 C. This means that the density of the sample is no longer known across the full 
range of temperatures. For this reason, another approach has been taken to identify an empirical 
relationship; this is to use the mass, m, of each double sample at temperature, T. For the double 
samples the straight-line regression coefficients are shown in Table 56. These regression lines 
are plotted along with the individual data points in Figure 48.  
 
Table 56. Regression lines for each individual temperature 
Temperature 
(℃) 
No of 
Samples 
Gradient  Intercept  Coefficient of 
determination,  
R2 
Standard 
error 
20 7 3.2198 -1.3846 0.953 0.102 
100 7 3.1412 -1.1387 0.956 0.097 
200 7 3.2684 -1.1666 0.982 0.063 
300 7 3.4142 -1.2532 0.982 0.067 
400 7 3.6049 -1.4114 0.981 0.071 
500 7 3.5683 -1.2488 0.973 0.085 
600 7 3.6643 -1.3108 0.976 0.082 
700 7 4.2415 -2.2268 0.978 0.091 
800 7 7.0712 -6.8665 0.914 0.312 
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Figure 48. Relationship between specific airflow resistance and mass of the double samples at temperatures between 20 and 800 C.  
142 
 
To identify a single regression equation that is valid for all temperatures between 20 
and 800 C, multiple regression analysis was conducted using the nine regression lines together 
a single equation that applies to all nine temperatures and the results are as follows: 
 
Dependent variable: log10 (Rs) 
Independent variable: log10 (m) 
Conditional variable: T 
 
 
      Table 57. Relationship between airflow resistivity and mass of the double samples at 
temperatures between 20 and 800 C: Multiple regression analysis. 
Parameter Estimated 
values 
Standard 
error 
T 
statistic 
p value 
Constant -1.385 0.605 -2.288 0.027 
log10(m) 3.220 0.401 8.038 0.000 
T =1 0.229 0.812 0.283 0.779 
T =2 0.218 0.856 0.255 0.800 
T =3 0.131 0.856 0.154 0.879 
T =4 -0.027 0.856 -0.031 0.975 
T =5 0.136 0.856 0.159 0.875 
T =6 0.074 0.856 0.086 0.932 
T =7 -0.842 0.856 -0.984 0.330 
T =8 -5.482 0.856 -6.406 0.000 
log10(m)* T =1 -0.068 0.541 -0.126 0.900 
log10(m)* T =2 0.449 0.566 0.086 0.932 
log10(m)* T =3 0.194 0.566 0.343 0.733 
log10(m)*T=4 0.385 0.566 0.680 0.500 
log10(m)* T=5 0.349 0.566 0.615 0.541 
log10(m)* T=6 0.445 0.566 0.785 0.437 
log10(m)* T=7 1.022 0.566 1.804 0.078 
log10(m)* T=8 3.851 0.566 6.799 0.000 
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Table 58. Relationship between airflow resistivity and mass of the double samples at 
temperatures between 20 and 800 C: ANOVA for variables in the order fitted. 
Source Sum of squares Degrees 
of 
freedom 
Mean square F-ratio p value 
log10(m) 14.918 1 14.918 894.63 0.0000 
Intercepts   3.837 8 0.480 28.76 0.0000 
Slopes   1.268 8 0.159 9.51 0.0000 
Model 20.024 17    
 
 
Multiple linear regression was calculated to predict log10 (RS) based on mass and temperature. 
A significant regression equation was found with an R2 of 0.963. The equation of the fitted 
model is as follows.  
 
log10(Rs)  = -1.385 + 3.220*log10(m) + 0.229*(T=1) +0.218*( T =2) +0.131*( T =3)-0.027* 
 ( T =4)+ 0.136*( T =5)+0.074*(T=6) - 0.842*( T =7) – 5.482*( T =8) -0.0683*log10(m)*(T= 
1)+ 0.049*log10(m)*( T =2) +0.194*log10(m)*( T =3) +0.385*log10(m)*( T =4) +0.349*log10( 
m)*( T =6)+ 1.022*log10(m)*( T =7) +3.851*log10(m)*(T=8)                    (74) 
 
where “T” is coded as 0= “Room temperature (20℃)”, 1=100℃, 2=200℃, 3=300℃, 4=400℃, 
5=500℃, 6=600℃, 7= 700℃ and 8= 800℃. The term T=n (where, n=1, 2, 3, 4…..7, 8) is an 
indicator variable which takes the value 1 if it is 100℃ etc. This corresponds to 9 separate 
lines, one for each value of temperature. Nine linear regression models for log10 (Rs) were 
subjected to one way analysis of variance by considering intercepts (F (8, 17) =27.92, p<0.05) 
and gradients (F (8, 17) =27.92, p<0.05). There is a statistically significant difference (p=0.05) 
among intercepts and gradients for each temperature.   
 
Up to 700 ℃, the specific airflow resistance is proportional to the temperature as well as the 
mass of the sample. However, there is a significant change of specific airflow resistance at 
800 ℃ for the 64 and 96 kg/m3 materials, although the specific airflow resistance remains 
proportional to the sample mass. 
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5.2.7 Regression analysis to identify the power law relationship between specific airflow 
resistance and temperature for different density materials 
 
The final stage is to identify the power law relationship between specific airflow resistance and 
temperature using regression analysis as discussed in section 3.3. Previous results discussed in 
this chapter indicate that the material changed significantly above 600 C; hence the regression 
analysis was only carried out from room temperature up to 600 C. The results are shown in      
Table 59 and plotted in Figure 49 to Figure 55. Power law regression gives a close fit to the 
measured data as indicated by the coefficient of determination R2>0.99. However, the values 
of the exponents are larger than those published in the literature that were reviewed in section 
3.3. The average exponent for the three material densities is 1.6 and individual exponents vary 
between 1.17 and 1.96. These exponent values are larger than the value of 0.7 that would have 
been expected from Sutherland’s equation [64]  and the value of 0.6 found by Christie [34] for 
rock wool at temperatures up to 400 C. However, Miglietta et al [65] did determine an 
exponent value of 1.2 from a variety of different materials at temperatures between 0 and 30 C, 
which indicates that exponents >0.7 can occur even at relatively low temperatures. As there is 
no reason to doubt the exponent values for the AES materials tested in this project it would be 
worthwhile testing different materials in future projects to see whether the average value of 
1.60 is unusual. 
 
     Table 59. Exponents for the absolute temperature from power law regression for 
individual samples. 
Material ID No. Exponent for the 
power law 
Coefficient of 
determination, R2 
0048A 1.5807 0.9965 
0048B 1.7653 0.9988 
0064A 1.1685 0.9953 
0064B 1.4016 0.9867 
0064C 1.3857 0.9866 
0058A 1.9568 0.9934 
0058B 1.9454 0.9907 
Average 1.6006 - 
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Figure 49. Power law relationship for 
Material ID No.0048A 
 
Figure 50. Power law relationship for 
Material ID No.0048B 
 
Figure 51. Power law relationship for 
Material ID No.0064A 
 
      Figure 52. Power law relationship for 
Material ID No.0064B 
 
Figure 53. Power law relationship 
for Material ID No.0064C 
           
 Figure 54. Power law relationship 
for Material ID No.0058A 
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Figure 55. Power law relationship for Material ID No.0058B 
 
In order to assess whether there was a relationship between the exponents for the different 
materials, all exponents are plotted for the individual samples as shown in Figure 56.  
 
A one-way analysis of variance with Tukey’s post –hoc test was conducted on all exponents of 
power curves for individual material IDs – See Table 60 . Considering the results from three 
densities, the only significant difference (p < 0.05) between exponent values for the different 
densities are for Materials ID Nos. 0058 and 0064.  
 
            Table 60. Statistical test output for exponents of power curves for each material ID.  
Exponents 
Material ID  N Mean 
Std. 
Deviation  Std. Error 
95% Confidence Interval 
for Mean  
 
Minimum 
 
Maximum 
Lower 
Bound 
Upper 
Bound 
0048 2 1.673000 0.1305319 0.0923000 0.500217 2.845783 1.5807 1.7653 
0064 3 1.318600 0.1302333 0.0751902 0.995083 1.642117 1.1685 1.4016 
0058 2 1.951100 0.0080610 0.0057000 1.878675 2.023525 1.9454 1.9568 
Total  7 1.600571 0.3016016 0.1139947 1.321637 1.879506 1.1685 1.9568 
 
 
ANOVA 
Exponents   
 Sum of Squares df Mean Square F Sig. 
Between Groups .495 2 .247 19.393 .009 
Within Groups .051 4 .013   
Total .546 6    
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Multiple Comparisons 
Dependent Variable:   Exponents   
Tukey HSD   
(I) material ID (J) material ID 
Mean 
Difference (I-
J) Std. Error Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
0048 0064 .3544000 .1031029 .056 -.013058 .721858 
0058 -.2781000 .1129435 .141 -.680630 .124430 
0064 0048 -.3544000 .1031029 .056 -.721858 .013058 
0058 -.6325000* .1031029 .008 -.999958 -.265042 
0058 0048 .2781000 .1129435 .141 -.124430 .680630 
0064 .6325000* .1031029 .008 .265042 .999958 
*. The mean difference is significant at the 0.05 level. 
 
 
Figure 56. Exponents for individual material ID Nos. 
 
5.3 Summary 
 
This chapter analysed the room temperature and high temperature airflow resistivity 
measurements. Comparisons were carried out between the measurements related to ISO 9053-
1 standards and the measurements conducted according to ASTM C522. The results indicates 
that for the majority of materials there is less than 10% difference between two sets of 
measurements.  
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The effects of air leaks in pipes were assessed experimentally by considering when there is a 
leak in the air supply and when there are leaks in both air supply and the differential pressure 
pipe which is connected to the test rig. Results indicated that there is a negligible effect when 
there is a leak in the supply, and a leak in the differential pressure pipe causes a drop in the 
differential pressure which is less than 5%.  
 
To check that the ISO and high temperature test rigs gave nominally identical results when 
measurements were carried out at room temperature, experiments were carried out with 64, 96 
and 128 kg/m3 AES materials. Measurements were carried out using single samples and double 
samples (i.e. two samples on top of each other) because it was expected that double samples 
would eventually be needed to achieve measurable differential pressure drops at high 
temperature. CoV values for all double samples were lower than the corresponding single 
samples, particularly for the low density material and this was attributed to the mixing of two 
different samples of this more variable material. The lower CoV was beneficial as it allowed a 
more rigorous assessment of any differences between the ISO and high temperature test rigs. 
The statistical tests used to assess the difference between test rigs at room temperature were 
more reliable for the combination of single and double samples and this confirmed that there 
was no significant difference between the two test rigs. 
 
High temperature experiments were conducted up to 800 ℃ for three different densities (64, 
96 and 128 kg/m3) using double samples to ensure a measurable differential pressure. It was 
observed that the measured thickness of the material was different before and after exposure to 
high temperatures. The double sample thickness was reduced after heating to 800 ℃ when 
inside and outside the test rig; hence it was concluded this shrinkage was not caused by the 
containment of the material inside the test rig. When there is an unknown reduction in thickness 
at high temperature it is not appropriate to quote the airflow resistivity of the porous material 
for which the calculation requires knowledge of the thickness. When the thickness is unknown 
it is appropriate to calculate the specific airflow resistance instead. However, results were 
included for both the specific airflow resistance and airflow resistivity as it seems feasible to 
continue quoting the airflow resistivity up to 600 ℃. Regression analysis was used to identify 
relationships concerning the specific airflow resistance for the three different density materials 
at different temperatures. 
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As specific airflow resistance is proportional to Tn, regression analysis was used to identify the 
exponent, n, as having an average value of 1.6 for these AES materials. 
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Chapter 6.  CONCLUSIONS 
 
This research has led to the design and construction of two test rigs for the measurement of 
airflow resistance of porous materials used for acoustical applications. The “ISO test rig” is for 
room temperature measurements according to ISO 9053-1:2018. This is a well-established 
standard which provided a useful benchmark against which to design and build a “high 
temperature test rig”. The high temperature environment was provided by installing the high 
temperature test rig within a kiln. 
 
The high temperature test rig has been designed for measurements at temperatures up to 800 ℃ 
by modifying a design used by Christie [34] that was used for measurements up to 500 C. To 
aid the design of this high temperature test rig, Matlab Simulink was used to carry out 
simulations from which it was possible to establish suitable dimensions for the test rig, carry 
out thermal stress analysis, assess thermal expansion of joints and pipes, and assess the cooling 
effect of a heat exchanger on the pipework. The differential pressure drop across the test sample 
is required but it is only possible to connect the pipes to the measurement equipment once the 
air has been cooled down closer to room temperature. For this reason, Matlab Simulink and 
analytical calculations were used to assess the effect of measuring the differential pressure after 
significant cooling of the air adjacent to the test sample. This showed that the differential 
pressure measured with the high temperature test rig after cooling of the air is significantly 
lower than at room temperature. The implication of this finding was that thicker test samples 
could be needed to ensure that there is a measurable differential pressure. 
 
Initial experiments on a range of AES materials compared room temperature measurements 
with the ISO test rig according to ISO 9053-1 with measurements according to ASTM C522 
from another laboratory that were provided by the funder. Ten samples were measured for each 
of sixteen material ID numbers. There was close agreement in the measured airflow resistivity 
(<10% difference) between the two sets of measurements. It is concluded that results from the 
ISO test rig and those from the other laboratory according to ASTM C522 can be considered 
to be nominally identical. 
 
For the high temperature measurements inside the kiln there is very limited scope to identify 
problems such as air leaks in the pipes. For this reason, an assessment was made of the problem 
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at room temperature by introducing artificial leaks. The results indicated that there was 
negligible effect when there was a leak in the supply because the flow rate is always manually 
adjusted to give the required flow velocity. For typical AES materials it was concluded that 
any minor leaks due to thermal expansion in the test rig and/or pipes would result in a negligible 
error in the airflow resistivity. 
 
To check that the ISO and high temperature test rigs gave nominally identical results when 
measurements were carried out at room temperature, experiments were carried out with 64, 96 
and 128 kg/m3 AES materials. Measurements were carried out using single samples and double 
samples (i.e. two samples on top of each other) because it was expected that double samples 
would eventually be needed to achieve measurable differential pressure drops at high 
temperature. The statistical tests were more reliable for the combination of single and double 
samples which confirmed that there is no significant difference between the two test rigs. 
 
An assessment was then made as to whether the fitting of double samples inside the sample 
holders leads to a more compressed material inside the test rigs than with single samples. 
Compression was found to occur with both test rigs; hence it is important to measure the 
thickness of the sample when fitted inside the test rig if it is required to calculate airflow 
resistivity rather than specific airflow resistance. 
 
Comparison of measured airflow resistivity of single and double samples indicated that they 
are sometimes significantly different. The commercial implication is that when measurements 
are made using double samples, the measured airflow resistivity will not always correspond to 
the thickness of the product which is sold and installed. 
 
High temperature experiments were conducted up to 800 ℃ for three different densities (64, 
96 and 128 kg/m3) using double samples to ensure a measurable differential pressure. It was 
observed that the measured thickness of the material was different before and after exposure to 
high temperatures. The double sample thickness was reduced after heating to 800 ℃ when 
inside and outside the test rig; hence it was concluded this shrinkage was not caused by the 
containment of the material inside the test rig. When there is an unknown reduction in thickness 
at high temperature it is not appropriate to quote the airflow resistivity of the porous material 
for which the calculation requires knowledge of the thickness. When the thickness is unknown 
it is appropriate to calculate the specific airflow resistance instead. However, results were 
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included for both the specific airflow resistance and airflow resistivity as it seems feasible to 
continue quoting the airflow resistivity up to 600 ℃. In addition to the thickness change, the 
results showed a general increase in the differential pressure (and corrected differential 
pressure) from 20 to ≈600 ℃ above which there was a reduction between ≈600 and 800 ℃.  
 
The high temperature tests from the three densities indicate that it might be possible to assume 
no significant effect of temperature on specific airflow resistance for 20 and 100 ℃. Whilst 
there was not always a significant difference between results in 100 ℃ steps, this choice was 
reasonable although the change in material properties above 600 ℃ means that future work 
could use smaller temperature steps to assess changes in specific airflow resistance as the 
material crystallises. 
 
Regression analysis was used to identify relationships concerning the specific airflow 
resistance for the three different density materials at different temperatures. To achieve this it 
was necessary to use the sample mass (instead of bulk density as used at room temperature) 
because the unknown reduction in material thickness above 600 ℃ meant that the density was 
also unknown across the entire frequency range. 
 
Theory indicates that specific airflow resistance is proportional to absolute temperature, T, in 
terms of Tn; hence regression analysis was used to identify the exponent, n, as having an 
average value of 1.6 for these AES materials.  
 
In this project the main comparisons between the two test rigs were all carried out with an 
airflow velocity of 0.5  10-3 m/s. Whilst it was shown that at room temperature there is little 
difference between the specific airflow resistance measured with an airflow velocity between 
0.5 × 10−3  m/s and 4 × 10−3 m/s, this was not the case at 800℃. Hence for high temperature 
applications the airflow velocity should be chosen to correspond to the sound pressure level in 
the specific industrial application. 
 
6.1 Limitations of the research and recommendations for future work 
 
Since AES materials are relatively soft materials, it is necessary to consider the fitting of the 
material inside the test rig. Therefore, it is recommended to use transparent material to build 
the high temperature test rig and, although the fabrication cost is relatively higher, quartz could 
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be considered as a better option as it can withstand at the maximum temperature of 1200 ℃.  
In addition, because the differential pressure is relatively low at 800 ℃, it is recommended to 
increase the sample thickness in order to have the measurable value for the differential pressure. 
  
For high temperature measurements where the differential pressure can be low, the measuring 
instrument will often need to measure lower values than would occur at room temperature.  
 
Future work could investigate other materials as this research indicated that the power exponent 
relationship with absolute temperature and specific airflow resistance cannot be estimated 
using Sutherland’s law.  
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Figure A 1. ISO Test rig: Plunger assembly part 01 
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Figure A 2. ISO Test rig: Plunger assembly part 02 
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Figure A 3. ISO Test rig: Specimen holder 
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Figure A 4. ISO Test rig: Metal sleeve 
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Figure B 1. High temperature test rig: Preheater  
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Figure B 2. High temperature test rig: Specimen holder 
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Figure B 3. High temperature: Specimen holder cap 
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Figure B 4. High temperature test rig: 12 mm Mesh 
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Figure B 5. High temperature test rig: 100 mm Mesh 
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Figure C 1. Schematic diagram for airflow at room temperature 
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Figure D 1. Proposed schematic diagram for airflow at high temperature 
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Figure D 2. Schematic diagram for airflow at high temperature
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Table E 1. Corrected specific airflow resistance and airflow resistivity values (Without 
Packing) 
Material 
Index 
Initial 
Thickness 
(mm) 
Temperature℃ Specific 
Airflow 
Resistance 
(Pa.s/m) 
Corrected 
Airflow 
Resistance 
(Pa.s/m) 
Airflow 
Resistivity 
(Pa.s/m2) 
Corrected 
Airflow 
Resistivity 
(Pa.s/m2) 
0064 74 20.1 2,835 2,835 38,316 38,316 
                 100 3,499 4,444 47,290 60,059 
200 4,632 7,458 62,601 100,788 
300 5,990 11,681 80,950 157,853 
400 7,368 16,947 99,569 229,008 
500 8,699 22,967 117,565 310,370 
600 9,544 28,441 128,974 384,342 
700 9,084 30,158 122,755 407,546 
800 5,053 18,495 68,288 249,932 
0064 80 21.3 2,995 2,995 37,439 37,439 
                 100 3,148 4,156 39,353 51,946 
200 4,311 7,200 53,892 89,999 
300 6,176 12,538 77,203 156,722 
400 7,941 18,899 99,261 236,241 
500 9,485 25,893 118,561 323,673 
600 10,528 32,530 131,596 406,631 
700 9,145 31,460 37,439 37,439 
800 1,750 6,649 39,353 51,946 
0064 74 21.3 2,815 2,815 38,047 38,047 
                 100 3,035 3,855 41,015 52,089 
200 4,033 6,494 54,506 87,755 
300 5,271 10,279 71,236 138,911 
400 6,517 14,924 88,069 201,678 
500 7,953 20,917 107,478 282,668 
600 8,683 25,788 117,335 348,486 
700 7,339 24,293 99,179 328,284 
800 5,112 18,658 69,077 252,133 
0058 100 14.9 9,904 9,904 99,040 99,040 
                 100 10,124 13,262 101,236 132,620 
200 14,816 24,595 148,160 245,946 
300 17,860 35,540 178,595 355,404 
400 21,823 51,065 218,226 510,648 
500 24,905 66,996 249,054 669,956 
600 24,620 74,599 246,202 745,992 
700 21,075 71,235 210,0753 712,347 
800 14,872 55,476 148,728 554,756 
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Table E 2. Corrected specific airflow resistance and airflow resistivity values for all other 
values (With Packing) 
Material 
Index 
Initial 
Thickness 
(mm) 
Temperature℃ Specific 
Airflow 
Resistance 
(Pa.s/m) 
Corrected 
Airflow 
Resistance 
(Pa.s/m) 
Airflow 
Resistivity 
(Pa.s/m2) 
Corrected 
Airflow 
Resistivity 
(Pa.s/m2) 
0063 96 23 4,233 4,233 44,095 44,095 
100 4,233 5,334 44,095 55,560 
200 4,173 6677 43,471 69,554 
300 4,153 8,057 43,263 83,931 
400 4,153 9,428 43,263 98,208 
500 4,113 10,736 42,847 111,832 
600 4,131 12,186 43,030 126,938 
700 3,774 12,416 39,311 129,335 
800 2,776 10,075 28,912 104,949 
0034         97 10.8 2,696 2,696 27,790 27,790 
100 3,182 4,168 32,803 42,972 
200 3,544 5,919 36,540 61,021 
300 4,472 9,035 46,111 93,144 
400 5,153 12,214 53,129 125,916 
500 5,631 16,102 58,050 157,897 
600 5,294 16,305 54,576 168,095 
700 5,115 17,545 52,733 180,876 
800 5,033 19,026 51,889 196,140 
0062 75 8.8 2,556 2,556 34,078 34,078 
100 3,297 2,536 33,812 43,956 
200 4,177 2,546 33,956 55,688 
300 5,007 2,516 33,546 66,756 
400 5,887 2,516 33,546 78,497 
500 6,491 2,516 33,546 86,548 
600 7,837 2,496 33,280 104,498 
700 8,031 2,377 31,682 107,085 
800 3,501 938 12,513 46,674 
0061 90                          14 4,153 4,153 46,148 46,148 
100 5,373 4,133 45,926 45,926 
200 6,701 4,111 45,676 45,676 
300 8,107 4,053 45,038 45,038 
400 9,438 4,033 44,816 44,816 
500 10,635 3,954 43,929 43,929 
600 11,776 3,874 43,042 43,042 
700 12,015 3,544 39,382 39,382 
800 5,550 1,484 16,488 16,488 
0060        96                          23 4,952 4,952 51,583 51,583 
                 100 4,952 6,388 51,583 66,542 
200 4,952 8,121 51,583 84,597 
300 5,631 11,149 58,655 116,137 
400 6,829 15,911 71,135 165,744 
500 7,715 20,676 80,362 215,371 
600 7,148 21,588 74,463 224,878 
700 6,303 21,242 65,659 221,272 
800 926 3,437 9,650 35,800 
0059       100                           23 8,067 8,067 80,670 80,670 
                 100 8,366 10,542 83,665 105,418 
200 9,664 15,463 96,644 154,630 
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300 10,803 21,065 108,025 210,649 
400 11,442 26,087 114,415 260,866 
500 11,530 33,553 115,303 335,531 
600 11,069 32,986 110,691 329,859 
700 8,686 28,664 86,860 286,636 
800 5,511 20,060 55,111 200,604 
 
 
Table E 3. Corrected specific airflow resistance and airflow resistivity values for all other 
values (Without Packing) 
Material 
Index 
Initial 
Thickness 
(mm) 
Temperature℃ Specific 
Airflow 
Resistance 
(Pa.s/m) 
Corrected 
Airflow 
Resistance 
(Pa.s/m) 
Airflow 
Resistivity 
(Pa.s/m2) 
Corrected 
Airflow 
Resistivity 
(Pa.s/m2) 
0057 103.25 14.3 8,307 8,307 80,451 80,451 
100 8,706 11,317 84,319 109,615 
200 11,042 18220 106,946 176,460 
300 14,580 29452 141,212 285,249 
400 17,816 42045 172,548 407,213 
500 20,164 54443 195,294 527,294 
600 20,799 63438 201,448 614,415 
700 20,187 68637 195,519 664,765 
800 16,294 60938 157,808 590,201 
0063         98 16 4,126 4,126 42,101 42,101 
100 4,253 5,487 43,399 55,985 
200 4,833 8,022 49,313 81,860 
300 6,317 12,634 64,459 128,919 
400 7,874 18,347 80,348 187,211 
500 9,226 24,725 94,142 252,301 
600 10,274 31,234 104,839 318,710 
700 10,416 35,101 106,283 358,175 
800 7,928 29,413 80,899 300,136 
0034 96 8.8 3,055 3,055 31,824 31,824 
100 4,672 6,167 48,670 64,244 
200 6,678 11,218 69,558 116,857 
300 8,943 18,155 93,161 189,118 
400 11,250 26,886 117,183 280,067 
500 13,355 36,593 139,115 381,176 
600 14,458 44,820 150,604 466,872 
700 14,638 50,503 152,484 526,069 
800 17,432 66,415 181,581 691,825 
0062 86                          20 3,315 3,314 38,542 38,542 
100 3,395 4,481 39,471 52,102 
200 3,609 6,028 41,971 70,091 
300 4,994 10,089 58,073 117,308 
400 6,809 16,137 79,174 187,643 
500 8,646 23,604 100,535 274,461 
600 10,124 31,181 117,717 362,567 
700 10,427 35,766 121,249 415,883 
800 7,079 26,828 82,309 311,952 
0061        90.51                          23 4,353 4,353 48,094 48,094 
                 100 4,354 5,487 60,619 48,110 
200 6,130 9,808 108,365 67,728 
300 8,086 15,689 173,336 89,348 
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400 10,303 23,389 258,409 113,836 
500 11,322 27,965 308,967 125,088 
600 14,137 40,856 451,401 156,194 
700 140,578 41,470 458,181 155,315 
800 5,242 17,248 190,568 57,923 
800 20,738 77,147 207,384 771,470 
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